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Resumo
O leite cru é a base para a formulação de diversos produtos, o que torna o microbioma
inicial a principal preocupação da cadeia láctea. As bactérias que permanecem nas fábri-
cas de leite ultra alta temperatura (UAT) influenciam os parâmetros já estabelecidos para
o processamento em laticínios, tais como o tempo, temperatura, tratamentos de inativação
bacteriana e etapas de limpeza. Embora o tratamento UAT seja capaz de eliminar a mai-
oria das células vegetativas, bacilos esporulados geralmente permanecem em superfícies
abióticas, principalmente porque se aderem facilmente ao aço inoxidável. Neste contexto,
o trabalho inicial desta tese foi coletar dados sobre a diversidade de bactérias aeróbias
formadoras de esporos em leite UAT comercializado no Brasil, explorando 100 amostras
(leite desnatado e integral). Foi possível identificar 12 Bacillus cereus que foram isolados
de 7 amostras, 38 Bacillus sporothermodurans de 19, e 47 Geobacillus stearothermophilus
de 27 amostras. Em seguida observamos a motilidade e formação de biofilme em micro-
placas após 24 horas. A maioria dos isolados foi capaz de formar biofilmes e os valores
em densidade ótica (OD595) na formação de biofilme variaram de 0,14 a 1,04 para B.
cereus, 0,20 a 1,87 para B. sporothermodurans, e 0,49 a 2,77 para G. stearothermophilus.
Das 3 espécies, B. sporothermodurans é a espécie que menos foi elucidada na literatura,
portanto na próxima etapa, focamos em entender como é a formação de biofilme de B.
sporothermodurans sobre aço inoxidável durante o período de 10 dias. A adesão e forma-
ção de biofilme foram comparadas em diferentes condições quando expostas às proteínas
do leite (soro e caseína). Microscopia eletrônica de varredura (MEV) foi utilizado para
avaliar arquitetura do biofilme em aço inoxidável e o espectroscopia de fotoemissão por
raio-X (XPS), como técnica complementar, sondou o condicionamento da superfície do
substrato após 24 h. As proteínas afetaram a contagem bacteriana total nos biofilmes e
influenciaram a arquitetura do biofilme. Assim, este é o primeiro trabalho sobre ciclo de
vida do biofilme B. sporothermodurans sob a influência das proteínas do leite (soro de leite
e caseínas). Por fim, tratamentos enzimáticos e químicos foram avaliados como estratégia
para prevenir e reduzir o impacto prejudicial desses biofilmes na indústria de laticínios.
Esses tratamentos enzimáticos e químicos foram eficazes na redução de biofilmes de B.
sporothermodurans. Os dados obtidos nesta tese evidenciam que as indústrias de laticínios
precisam controlar a qualidade da matéria prima, a eficiência dos processos térmicos e dos
procedimentos de limpeza e sanitização; reduzindo a contaminação do produto e evitando
a formação de biofilme e, consequentemente, uma microbiota persistente nas plantas de
processamento, que podem abrigar espécies patogênicas como B. cereus s.s..
Abstract
Raw milk is the basis for the formulation of several products, which makes the initial
microbiome the primary concern in the dairy chain. The bacteria that remain in the
ultra-high temperature (UHT) milk plants influence the parameters already established
for processing, such as time, temperature, bacterial inactivation treatments and cleaning
steps. Although the UHT treatment is able to eliminate most vegetative bacteria cells,
aerobic spore-forming bacilli commonly remain on abiotic surfaces, mainly because they
easily attach on stainless steel. In this context, the initial work of this thesis was to collect
data on the diversity of spore-forming bacteria in UHT milk sold in Brazil, exploring 100
samples (skimmed and whole milk). It was possible to identify 12 Bacillus cereus which
were isolated from 7 samples, 38 Bacillus sporothermodurans from 19, and 47 Geobacillus
stearothermophilus from 27 samples. Then, the study observed the motility and biofilm
formation in microplates for 24 hours. Most isolates were able to form biofilms and the
OD595 values observed for biofilm formation varied from 0.14 to 1.04 for B. cereus, 0.20
to 1.87 for B. sporothermodurans, and 0.49 to 2.77 for G. stearothermophilus. Among the
3 species, B. sporothermodurans is the least elucidated in the literature, thus, in the next
step, we were focused on understanding how is the biofilm formation of B. sporothermodu-
rans on stainless steel during 10 days. The adhesion and biofilm formation were compared
in different conditions when exposed to milk proteins (whey and casein). Scanning elec-
tron microscopy (SEM) was used to evaluate the biofilm architecture on stainless steel
and X-ray photoelectron spectroscopy (XPS), as a complementary technique, probed the
surface substrate conditioning after 24 h. The proteins affect the total bacterial count in
the biofilms and they influence the biofilm architecture. This study is the first life cycle
report of the B. sporothermodurans biofilm under the influence of milk proteins (whey and
caseins). Finally, enzymatic and chemical treatments have been evaluated as a strategy
to prevent and reduce the harmful impact of these biofilms in the dairy industry. These
enzymatic and chemical treatments were effective on reduction of B. sporothermodurans
biofilms. The data obtained in this thesis show that the dairy industry needs to focus
on quality control of the raw material, and in the cleaning and sanitization procedures,
reducing the contamination of the product and avoiding the formation of biofilm and,
consequently, a persistent microbiota in processing plants, which can shelter pathogenic
species such as B. cereus s.s..
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General introduction
Milk has economic and nutritional relevance. It is a source of nutrition for bil-
lions of people around the world and livelihoods for dairy farmers, processors, and traders
[1]. In Brazil, milk is one of the most commercialized commodities, and its consumption
was estimated ∼166.4 L/habitant with sales of R$ 68.7 billions in 2018 [2]. The long-life
ultra-high temperature (UHT) processed milk is the most consumed product along with
cheeses, due to its accessibility, low cost, and nutrients (calcium, phosphorus, vitamin A,
riboflavin, B12 and D) [2]. It is important to remind that we are experiencing an atyp-
ical situation due to the Covid-19 pandemic. Thus, the performance of the world dairy
activity has been affected, showing retraction in consumption and impacting negatively
the Brazilian imports and exports. Some countries are encouraging their producers to
achieve self-sufficiency in dairy products, which generates a certain apprehension for the
Brazilian market. As the pandemic is ongoing, we do not know how much it will impact
in the dairy chain of Brazil and world. On the other hand, unlike other countries, in
Brazil there is no lack of this product in the market [3].
Reports of diseases and outbreaks involving raw milk and dairy products are
increasingly common, whether due to ignorance or lack of clarity regarding the importance
of food science and technology [4, 5]. Changes in consumer habits such as the search
for ready, fast and safe food consumption have boosted the processed milk industry, so
raw milk consumption should have stayed in the past [6]. An example to justify the
consumption of raw milk is that the nutritional quality of heat-treated milk is negatively
affected by heat. However, this affirmation has no scientific basis [7–9].
A challenge for public health is the increased consumption of organic food
without good production practices and under false claims of benefits [8, 10]. The dissem-
ination of these products became wider by misinformed campaigns that maximize false
benefits of raw milk, promoting “food fads”, minimizing risks, and inducing a false sense
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of security for the consumers [7–9]. Moreover, some places in England, Switzerland, Ger-
many and Austria it is possible to find these products in vending machines [11, 12]. This
movement has an impact not only on consumer health but also on public policies, that
must educate the population regarding these risks [13–15].
The risk of foodborne diseases is higher for consumers with weakened immune
systems, such as transplanted patients, HIV, cancer, diabetes, hypertension, including
children, the elderly, and pregnant women [5]. A recent study indicated that 2% of home-
cooked meals in the United States of America (USA) are prepared with raw milk, exposing
approximately 3.2 million people to risk of foodborne diseases. Of this total, 2.6 million
people live in a household, 1.1 million have at least 1 child and 0.9 million have a member
age 62 or older [10].
Application of UHT technology in raw milk enables to reduce up to 9 log of
sporulated thermophilic bacilli [16]. However, failures in this process lead to the perma-
nence of species such as Bacillus licheniformis, Bacillus sporothermodurans, Geobacillus
stearothermophilus,Bacillus cereus [17], Paenibacillus lactis [18], Bacillus badius, Paeni-
bacillus polymyxa and Bacillus subtilis [19] in the final product.
Spores attach more easily than vegetative cells on stainless steel, which con-
tributes to biofilm formation and impact the hygiene process by the action of microbial
metabolic products (enzymes, extracellular polymeric substance, organic and inorganic
acids or hydrogen sulfate) [20, 21]. Therefore, dairy industries must prevent the entry of
undesirable microorganisms (spoilage and pathogens) and the biofilm formation by means
of good manufacturing practices (GMP) during and after processing [6, 22, 23].
Another element of concern is the global warming and climate change that
can lead to heat stress effects in the cattle and, consequently, impact in the production
and milk microbiome [24]. The implementation of innovative technologies that reduce the
environmental impact improving the microbiological quality and safety of dairy products
is an emergent reality in this sector [25]. Thus, the government, alongside the academy
and industry have a fundamental role to understand these challenges and seek solutions,
innovations, and technologies contributing positively to the country’s economy [1, 3].
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Objectives
To evaluate the microbiota from UHT milk in Brazil, identifying the diversity
of sporulated mesophilic and thermophilic bacteria, with focus on B. cereus, B. sporother-
modurans and G. stearothermophilus. Then, observe the biofilm formation ability of the
identified isolates and among the 3 species, B. sporothermodurans is the least elucidated in
the literature, so we study the life cycle of B. sporothermodurans biofilm on stainless steel
by influence of milk proteins (casein and whey proteins). Based on the context above, the
specific objectives of this study are to:
• determine the prevalence of vegetative cells and spores of mesophilic aerobic bacteria
in UHT milk from different commercial brands sold in Brazil;
• quantify highly heat-resistant spores (HRS) and thermophiles bacteria in UHT milk;
• identify B. sporothermodurans and G. stearothermophilus from UHT milk isolates
by polymerase chain reaction (PCR);
• quantify B. cereus s.s. vegetative cells and spores and to evaluate the pathogenic
potential by detecting encoding genes of enterotoxins (NHE and HBL);
• study the motility and biofilm formation capacity of B. cereus, B. sporothermodurans
and G. stearothermophilus;
• observe the effect of milk proteins (casein and whey) on B. sporothermodurans
biofilm formation on stainless steel by plate count and scanning electron microscopy
(SEM);
• evaluate enzymatic and chemical treatment capable of removing B. sporothermodu-
rans biofilm on stainless steel surface.
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Abstract
Raw milk is the basis for the formulation of several products, occupying a prominent
position in the market. Thus, the initial microbial composition is the first concern for
the dairy chain. The parameters already established for the dairy processing may be
influenced by the microbiome and their characteristics, resulting in control unit opera-
tions failures (time, temperature, bacterial inactivation treatments, steps cleaning) and
damaging the structure of abiotic surfaces (corrosion and pitting). As a consequence, the
microbiome of the final product might be affected and result in a short shelf-life. The
sporulates present in this raw material tend to attach more easily than vegetative cells
on stainless steel, a prominent material in dairy factories, contributing to the biofilm for-
mation. The spread of these spores can easily occur through dust and air. In addition,
these structures are resistant to processing conditions, which can result in an increase in
thermal resistance and sanitizers. The manuscript aims to collect current data about the
diversity of aerobic spore-forming bacteria in the dairy farm from farm to fork focusing
on ultra-high temperature (UHT) milk, their biofilm-forming ability, as well as the resis-
tance to thermal and sanitizing treatments. Fouling and increased resistance (sanitizers
and thermal) of microorganisms are common in UHT dairy industries due to the forma-
tion of biofilms. This research contributes with information on the diversity of sporulates
in the milk chain found in the literature, serving as a guide for dairy companies that seek
to identify the species present in their facilities and for researchers developing new studies
that envision food security.
Keywords: aerobic mesophilis, aerobic thermophilic spore-forming bacteria, UHT milk,
biofilm, Geobacillus stearothermophilus, Bacillus cereus, Bacillus sporothermodurans
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1.1 Introduction
Raw milk is the basis for several product formulations, occupying a prominent
position in the global economic market [1–3]. This raw material is flexible and can be
consumed as milk (pasteurized, skimmed, standardized, sterilized, long life, flavored, re-
constituted, recombined or fortified) or transformed into different products: milk fat-based
(table cream or butter), frozen (ice cream and frozen yogurt), fermented (yogurt, cream,
fermented milk, kefir), curdled or enzyme-coagulated (cheeses), dehydrated (condensed,
evaporated or powdered milk); and by-products (lactose, caseinate, protein hydrolysates
or protein concentrates) [1, 2].
The bovine milk has neutral pH, approximately 87.3% water and 12.7% total
solids [4, 5]. The final composition of the milk varies according to individuality, stage of
lactation, health, nutritional status, and bovine breed. It is estimated that total solids
are divided into total proteins (3.0% to 3.5%), fat globules (3.5 to 3.8%), lactose (4.0% to
5.0%), and minerals and vitamins (0.7 - 0.8%) [3]. The concentration of total protein is
subdivided into two groups: ∼80% are insoluble casein micelles at pH 4.6 (αs1, αs2, βs,
κ) and ∼20% are soluble whey proteins (serum, β-lactoglobulin, α-lactalbumin, serum
albumin, immunoglobulins, and lactoferrin) [3, 5–7].
Initial microbiological composition is the first concern for dairy qualities [7–10].
In milk obtained under proper hygienic conditions, the microbiological count is around <
100 CFU/mL, but in practice, values are found between > 1.000 CFU/mL to < 120.000
CFU/mL. High counts reflect serious deficiencies regarding milking hygiene, while values
< 20.000 CFU/mL reflect adoption of good hygienic-sanitary practices [11, 12].
Several undesirable genera can be isolated in raw milk, e.g., 0-50% of Lactococ-
cus and Streptococcus spp., 30-39% of Micrococcus spp. and Staphylococcus spp., < 10%
of Pseudomonas spp., Escherichia coli spp., Alcaligenes spp., Acinetobacter spp., Lac-
tobacillus spp., Corynebacterium spp., Microbacterium spp., Bacillus spp., Clostridium
spp., mold and yeast [13].
Among the species commonly found in raw milk, the mesophilic and ther-
mophilic spore-forming bacteria are the most relevant to the dairy industry and will be
the focus of this review [8, 9, 14–16]. Spore-forming bacteria introduced into raw milk dur-
ing milking are found in low concentrations: ± 10 a 7 x 10 2 CFU/mL [8]. Animal (teats,
skin microbiome) is the primary source of such contamination. Secondary sources are
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associated with animal feed (silage, concentrate, hay or grains), contact surfaces (silage,
bedding, manure, soil), milking environment (stall or parlour) or milking equipment (teat
cups, hoses and tubes, buckets, milk lines and tank, filter cloths or wash water) [8, 17,
18].The spread of these spores can easily occur through dust and air [19]. Moreover,
sporulates isolated from dairy farms are potent biofilm producers, favoring the hypothesis
of biofilm transfer via raw milk throughout the dairy equipment chain [20]. Spores tend
to attach more easily than vegetative cells on stainless steel, which is a prominent surface
in dairy factories [21, 22]. This microbial interaction leads to the formation of metabolic
products (enzymes, extracellular polymeric substance, organic and inorganic acids) that
negatively impact the dairy industry [21, 23].
These spores can withstand severe processing conditions (thermal resistance
and sanitizers), in addition to contributing equipment damage (corrosion and pitting),
affecting the composition of the final product, as well as the shelf-life [21, 24–26]. When
these sporulates are persistent in the processing plant, even after the cleaning and dis-
infection steps, there are also recurrence and increase in contamination in subsequent
productions [14, 27].
Species such as Bacillus sporothermodurans, Geobacillus stearothermophilus,
Bacillus cereus and Bacillus subtilis have already been associated with both biocorrosion
and pitting corrosion [21, 28–30].Together, risks associated with foodborne disease, hy-
gienic and sanitary problems and economic losses, reinforce preoccupation with aerobic
spore-forming bacteria [9, 24, 31].
In this context, preventing the contamination of processing lines by these
sporulated species may be the best option for the dairy industry. Thus, it would be pre-
ventable to reconsider parameters already established for the processing of these products
in the control of unit operations (time, temperature, bacterial inactivation treatments,
cleaning steps) [1, 32] . Therefore, UHT milk quality control starts at the farm, applying
good milking practices, ensuring the health conditions of the herd, temperature control
in the storage and transport of milk [10, 20]. On the other hand, the dairy industry
must avoid the spread of undesirable microorganisms (spoilage and pathogens) and the
formation of biofilms, adopting good manufacturing practices (GMP) during and after
processing [8, 10, 33].
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Thus, this review aims to approach the presence of aerobic sporulates bacilli in
UHT milk and the implications for industries due to biofilm formation. In a first moment,
the species associated with UHT milk contamination were mapped. Then, explained
the presence of species B. cereus, B. sporothermodurans, and G. stearothermophilus and
finally, we report the existing research on biofilm formations by these species.
1.2 UHT milk processing
In 1913, using metal cans, Denmark was the first country that aseptically pack-
aged milk and in 1921 the patent was granted. In 1923, milk packaged in South Africa
was transported to and sold in London (England) in perfect conditions [34]. In 1940s and
1950s, researches on UHT sterilization took place simultaneously in Laboratories of the
United States Department of Agriculture (USDA) at the National Institute for Research
in Dairying (NIRD), in Reading, United Kingdom; and, later, at the Institut National
de la Recherche Agronomique (INRA) in France [35]. Also in 1940, in Switzerland, the
company Alpura Laticínios (Berna) together with Sulzer (Winterthur), a machine manu-
facturer, combined their knowledge and developed the first UHT aseptically canned milk,
which started to be marketed in 1953. However, the high-cost cans made this system
economically unviable. Therefore, Alpura teamed up with Tetra Pak (Sweden) developed
a new sterilization method, the first aseptic system based on laminated cardboard boxes
and, in October 1961, this product was already sold on the market in Switzerland [34].
Nowadays, UHT milk factories are designed according to specific needs: pro-
duction capacity and product concept (raw materials and quality of the final product),
process control (factory capacity, equipment, automation, liquid levels, flows, concentra-
tions, pH, temperature and hygiene), economical profile (cost of production) and legal
considerations (regulation, environment, equipment and safety)[36]. UHT process is suf-
ficient to ensure food safety, both with a 12-decimal reduction of Clostridium botulinum
and a 9-decimal of the viable counts of G. stearothermophilus and highly heat-resistant
spores (HRS) [13].
Raw milk submitted to UHT process must attend a series of requirements
that determine its excellent quality [37, 38]. Milk used as raw material should be salt
balanced, must not be acid nor present excess of whey proteins that typically represent
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colostrum and/or mastitis. In addition, the final quality also depends on other factors,
such as: (1) microbiological and enzymatic raw milk quality; (2) heat resistance associated
with microbiomes and enzymes present in milk; (3) bacterial adaptation and interaction
among species that survive the UHT process; (4) incidence of microorganisms that can
recontaminate the product after heat treatment; (5) biofilm formation and extracellular
polymeric substances (EPS) production and their implications on equipment cleaning
and disinfection [14, 38, 39]. Therefore, care with raw milk quality aims to prevent
undesirable effects both in production (protein instability) and in the quality of the final
product (sedimentation, rancidity, bitterness, gelation) [39–41].
Raw milk goes through few steps until transformed into UHT milk (Fig. 1.1).
It is transported by truck tanks that arrive at the dairy industry in the milk reception area
(1) so the samples are taken for the first quality analysis. Next, raw milk is weighed (2).
It then goes to the chiller tank (3) and transferred to the raw milk silo (4), proceeding to
fat separating (centrifuge - 5) step. Then it receives the heat treatment in heat exchangers
(6) and is separated by the homogenizer (7) until it finally reaches the filling line (8) [36].
Fresh milk production area 
(1) Milk 
tanker
(2) 
Weighing 
balance
(3) Raw milk 
chiller
Milk reception area
(4) Raw 
milk silo
(5) 
Separator (6) Plate heat 
exchange
(7) Homogenizer
Fresh milK
(8) Filling line
Figure 1.1: Flowchart of the milk process. Source: Image adapted from Singh & Zorrilla (2011)
The standardization of raw milk fat (Fig.1.2) is an important step in UHT
milk production. Bovine milk fat varies according to animal breeds and feeding and is
dispersed as globules with sizes ranging from 1 mm to 10 mm, with an average of 3-4 mm
enfolded by a membrane. As fat is less dense than whey, it tends to rise up and form a
layer of cream on the milk package surface, following Stokes’ law [42]. The rising velocity
of the globule is given by:
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V = d
2g(ρs − ρf )
18− η (1.1)
Where (d) is the fat globule diameter, (ρs)∼ the whey density, (ρf ) the milk fat
density and (η) the whey viscosity. Thus, the homogenization treatment is as important
as thermal heating and aseptic filling, because this process reduces the milk fat globules
down to 0.5 mm, avoiding the formation of fat plates on the top of the package, even
after storage at room temperature for 4 - 9 months.
 Raw milk 
4% Fat
Filtering
Thermalization  
65°C/ 20 s 
Cool:  4°C 
Centrifuge 
40°C 
Skim milk
Cream 35% 
fat
Standardized 
milk
Figure 1.2: Example of processing for raw milk standardization. Source: Image adapted from Walstra
et al.(2006).
After homogenization, fat globules are more susceptible to lipolysis due to an
increase in surface area and membrane disruption, which is caused by the enzyme lipase,
common in raw milk and produced by psychrotrophic bacteria. Such enzymes release free
fatty acids, damaging fat globules and changing the milk taste. Despite the heat treatment
inactivates most psychrotrophic bacteria, some enzymes can be thermoresistant, inducing
an unpleasant and bitter flavor in UHT products [4, 42].
The heat treatment used after homogenization avoids biological risks associ-
ated with this step and is highly recommended [42]. The heat in form of steam mix with
milk by indirect or direct heating through metal plates or tubes (Fig. 1.3). The combi-
nation of both methods arose from the need to eliminate heat-resistant spores, such as
B. sporothermodurans, Paenibacillus lactis and G. stearothermophilus [35, 43]. The aim
is to reduce the viable counts down to 9 decimals of these bacterial and 12 decimals of
C. botulinum, ensuring food safety [43]. Thus, sterilized milk has a long-life and can be
stored at room temperature for 3 - 6 months [39, 40, 43, 44].
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UHT treatment is a continuous process; the milk is heated higher than 130
◦C, above the boiling point of water and milk (138 ◦C-150 ◦C), for 1 to 10 seconds [1, 32]
(Fig. 1.3). The size of the fat globule directly influences this step, so the treatment must
be done under pressure in order to avoid overflow [35, 45].
Standardized 
Milk
Pasteurize                 
80°C / 20s
Steam injection    
150°C / 2s 
Cooling        
(Direct expansion) 
80°C 
Aseptically 
homogenize           
40 MPa 
Cool to 20°C  Homogenize            
20 MPa 
De-aeration
Sterilize              
142°C / 15s
Cool to  20°C  
Packaging 
Material
Aseptic 
packaging
Direct
 Indirect
Sterilize
Figure 1.3: Examples of sterilized UHT milk processing, with indirect and direct heating in aseptic
packaging. Source: Image Adapted from Walstra et al. (2006).
The minimum temperature used in UHT processes takes into account the maxi-
mum time required to destroy bacterial spores. In addition, it is expected minimal damage
to the chemical structures of milk; for example, the reduction of vitamin B (thiamine)
cannot be higher than 3% [35]. The maximum temperature is determined by the resis-
tance of the equipment, reaching up to 150 ◦C [35]. Moreover, classic concepts such as
the D and z values developed by Bigelow, Ball, and Stumbo are used to ensure the ideal
temperature for microbial inactivation [46]. Thus, at the end of the process, the bacterial
count is reduced to less than ∼10 5 log CFU of thermophilic and mesophilic spore-forming
bacteria per liter [12, 39, 40]. UHT milk sterility can be checked after incubation at 55
◦C for 7 days or at 30 ◦C for 15 days [40]
The final step is the aseptic packaging, in which the packages are filled and
hermetically sealed to maintain commercial sterility during the transport and distribution
of the products. There are 3 sterilization processes used for packaging material, which
can be used individually or in combination: irradiation (ionizing irradiation, pulsed light,
laser, UV light, plasma), heat treatments (wet and dry) and chemical products (hydrogen
peroxide and peroxyacetic acid) [34]. Despite the several steps of UHT milk processing,
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chemical changes in milk are considered mild when compared to batch sterilization, which
uses temperatures around 120 ◦C for few minutes [32, 35].
1.3 Diversity of aerobic spore-forming bacilli in UHT
milk: concern and issues from farm to fork
The UHT processes allow the production of milk with low microorganisms
levels (spoilage and pathogens), contributing to shelf-life increase, transport, storage con-
venience and safety for consumers. However, it is important to reinforce that the processes
does not guarantee sterile product in the microbiological sense, as it is not possible to
maintain absolute sterility by heat treatment [8, 10, 13]. This process does not inacti-
vate heat-resistant spores (B. sporothermodurans) or thermophilic spores (G. stearother-
mophilus) without sensory and chemical changes in milk [47, 48].
The final quality of processed milk is directly related to the quality of raw
milk, mainly from a microbiological point of view [49]. Thus, the presence of sporulated
bacteria in raw milk varies seasonally and the high incidence on surfaces of materials
contribute to spore remaining in the milk chain [50, 51]. Vehicles responsible for the
entry and permanence of spores in milk chain are soil, silage, feed, filter cloths, green
crops, fodder, milking room, animal housing areas [18, 52–56]. Therefore, a high aerobic
spore-forming population in raw milk is a problem for the UHT process [57].
Evidences that sporulated species survive from farm to fork are controversial,
and there are several studies on this field [20, 51, 58, 59]. On the other hand, a recent
research in powder milk factories has shown that the amount of spores in raw milk is not
so relevant and that the major contamination of the final product is due to persistence
and plant contamination [27]. Thus, there is a lack of studies to assess the survival and
behavior of sporulated species from the farm to fork, especially in UHT milk [51, 58].
Most spore-forming organisms are not considered a significant public health
risk [60]. When surviving the dairy industry process, the spores can germinate and grow in
the final product during storage. When the microbial population exceeds 10 5 CFU/mL,
it causes sensory defects (smell, flavor, texture and appearance change) [7, 10, 39, 61].
Failures in thermal treatment contribute to that aerobic spore-forming organ-
isms survive the UHT process. However, the hypothesis of thermal resistance of some
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species is not ruled out. Perhaps it explains the small percentage of spores that can
quickly pass through the resection tube without being destroyed [57]. Spore-forming bac-
teria contaminants of UHT milk are Gram-positive, aerobic, ubiquitous in nature [9].
Several studies report the sporulates presence in UHT milk when receiving inadequate
heat treatment, including Bacillus badius, Bacillus licheniformis, Bacillus pumilus, B.
sporothermodurans, Bacillus megaterium, Bacillus sphaericus, G.stearothermophilus, B.
subtilis, B. cereus, Paenibacillus lactis and Paenibacillus polymyxa [44, 62–66]
Poorly designed pipeline system, inadequate cleaning and sanitization, milk
residues remaining from the production process cycle can contribute to permanence of
aerobic spore-forming organisms on processing line facilitating the biofilm formation, and
therefore deserve special attention by the dairy industry [14, 56].
Contamination in dairy manufacture by aerobic spore-forming Bacillus affects
the quality of the products (shelf-life), the economic viability and the sustainability of the
industry [14]. The dispersal steps (active and passive) of biofilms are the main factors
that lead to these contaminations [14]. Such biofilms impact the heat transfer coefficient
and the pumping energy to maintain flow rates of the production system. In addition,
these species can lead to biocorrosion, also known as microbiologically influenced corrosion
(MIC). MIC arises from chemical and electrochemical reactions among system components
(metal, solution and microorganisms) [30], causing damage to the protective films (FeS or
passivation in stainless steel) and pitting [25]. Therefore, the elimination of biofilm and
the prevention of MIC increase time spent on fouling control, decreasing the food factory
performance [14, 67].
1.3.1 Bacterial sporulation
The ability to sporulate ensures bacterial viability in an unfavorable environ-
ment where there is nutrient shortage (carbon, phosphorus, nitrogen) and changes in
temperature, pH and water activity (aw). Sporulation is common in some Gram-positive
species such as: Bacillus spp., Alicyclobacillus spp., Clostridium spp., Geobacillus spp.,
Paenibacillus spp., Sporolactobacillus spp. and Desulfotomaculum spp. [19]. The spore
becomes metabolically dormant and are resistant to severe and lethal conditions, such as
environmental stress, low pH, low water activity, UV radiation, enzymatic action, organic
acids, chemicals substances and high temperatures [19, 47]. Upon receiving the appro-
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priate stimulus, the spores come back to life through germination, followed by bacterial
multiplication. They exhibit a wide range of germination temperature, with rapid growth
rate (15-20 minutes), contributing to the biofilm formation in dairy processing [47, 48].
Sporulation occurs through differentiation regulated by genes, controlled by
ordered synthesis and activation of new sigma factor (δ - specificity), as well as for RNA
polymerase and DNA binding proteins. Some genes may be expressed only in the mother
cell or forespore (prespore). Sporulation starts with an unequal cell division, where there
is the prespore formation. The precursor synthesizes some proteins, such as the small
proteins of soluble acids (Small acid-soluble spore protein -SASP) that act as a coat for
the chromosome, protecting the DNA from damage that might be caused by chemical and
enzymatic cleavage. As sporulation proceeds, morphological and biochemical changes oc-
curr and the spore is produced in the mother cell. These are denominated endospores
which are encapsulated by two or three layers: cortex (peptideoglycan), cover and ex-
osporium (proteins). The spore nucleus represents ≤ 10% of its dry weight, composed by
dipicolinic acid (2,6-pyridinedicarboxylic acid), divalent cations and few water [19].
1.4 Characteristics and incidence of aerobic spore-
forming bacilli in UHT milk
1.4.1 Bacillus sporothermodurans in UHT milk
The first mesophilic aerobic spore-formers bacteria isolated in UHT were de-
tected in Italy (1985), Austria ( 1990), Germany (1995), and in later years in other world
regions [58, 65, 68]. This species of the genus Bacillus, known by its ability to produce
highly heat-resistant spores (HRS) was identified as B. sporothermodurans [58, 65, 68].
The hypothesis for the quick spread and presence of clones in different continents is due to
contamination by the use of imported powder milk in the UHT milk preparation [57, 58].
Probably, the high contamination in 90s was associated with reprocessing and circulation
of contaminated milk within and among UHT production units. Thus, these clones are
still occasionally responsible for sporadic contamination that occurs in UHT milk [57, 58].
B. sporothermodurans is Gram-positive, aerobic, with growth between 20 ◦C
and 55 ◦C, and optimal temperature at 37 ◦C. It tolerates pH 5 to 9, and NaCl up to 5%.
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They are positive oxidase and catalase, hydrolyze gelatin, esculin and reduce nitrate to
nitrite. Voges-Proskauer reaction and citrate are variable. They do not produce acid from
sugars, do not hydrolyze starch, casein, urea, and also do not produce indole or hydrogen
sulfate. The absence of β -galactosidase activity can be observed by the negative reaction
to ONPG (O-Nitrophenyl-p-D-galactopyranoside) [52].
The colonies present 1 to 2mm in diameter and are flat, circular, with a beige
or shining cream color [52]. Spores are ellipsoidal and may be paracentral or subterminal
[52]. Inactivation of persistent spores in milk requires heat at 148 ◦C for 10 s or 150 ◦C
for 6 s [40, 57]. In addition, these spores survive heat treatment at 120 ◦C and 125 ◦C for
up to 30 min, with a reduction of only 1.4 log units [69, 70].
It is difficult to promote HRS isolation and growth from UHT milk in labo-
ratory, even on adequate culture medium such as nutrient agar (NA) or heart and brain
infusion agar (BHI), requiring 1mg/L vitamin B12 or 5 mg/L de MnSO4 [65, 71]. To
isolate HRS, the samples are submitted at 100 ◦C for 30 minutes in water bath, plated
on supplemented BHI agar (B12 vitamin or manganese sulfate) and incubated for 24 -
48h at 37 ◦C [18, 52, 65]. Genomic identification can be performed by different molecu-
lar techniques such as Polymerase chain reaction (PCR), random amplified polymorphic
DNA (RAPD), repetitive sequence element (REP-PCR), and amplified ribosomal DNA
restriction analysis [18, 72].
The total bacterial count in UHT milk can vary depending on each country. In
the European Union and Brazil must be below 10 CFU/0.1 mL [73, 74]. B. sporothermod-
urans usually survives the UHT process, germinating and growing up to 10 5 CFU/mL
(vegetative cells) or ∼103 CFU/mL (spores) at 30 ◦C – 37 ◦C in stored milk for 5 - 15
days [18, 65, 75]. They are not pathogenic and do not cause spoilage or sensory change,
except for slight discoloration or pinkish color in UHT milk [43, 57, 58]. These factors
favor the permanence of these species in the dairy industry and, consequently, in the final
product. In addition, it is important to remind and reinforce that they are extremely
difficult to remove from contaminated equipment and have already caused the closure of
UHT plants [40].
The isolation of B. sporothermodurans has already been reported in differ-
ent geographic areas including South America, Europe and Asia [58]. Found in differ-
ent sources and countries: raw milk (Tunisian), sterilized milk (Dominican Republic,
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Figure 1.4: Studies on B. sporothermodurans in the last 24 years. The species has been reported in
different geographic areas, with emphasis on Europe (Color: pink). The main topics mention techniques
of molecular identification (Color: yellow). Among the isolation sources, raw and UHT milk (Color:
Green) are highlighted. Authors (Color: blue).
Ecuador), UHT isolates (Germany, Pakistan, Mexico, France, Italy, Belgium, Nether-
lands, South African), evaporated UHT milk (Germany), farm isolates (Belgium) and
feed concentrate (Belgium) [55, 58, 76–79]. They have also been isolated from other
non-dairy origin food such as Indian curry soup in Netherlands [80]. Some of these stud-
ies are shown in Figure 1.4 and Table A.1 (Appendix - Chapter 1). In a recent study,
B. sporothermodurans were identified in 25.5% (38/149) of HRS isolates in 19% UHT
milk samples in Brazil samples (See Chapter 2). Previously, other studies have found B.
sporothermodurans in UHT milk in Brazil [71, 81, 82].
The emergence of new genetic types of B. sporothermodurans that express
thermal resistance may be associated with contamination of UHT milk via farm (farm ×
raw milk × animal feed) [55, 83]. Generally, B. sporothermodurans isolated from UHT
milk have similar genetic, which suggests same clonal origin. However, isolates from dairy
farms can demonstrate great genetic heterogeneity and produce spores with high heat
resistance. Thus, it is not possible to eliminate farms as contamination routes [58].
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Studies on B. sporothermodurans have intensified in the last 24 years (Fig.
1.4) and the vast literature refers mostly to molecular identification techniques. How-
ever, there is a lack of research on biofilms (formation, sporulation, bacterial interaction
and dispersion), thermal resistance and inhibition techniques by chemical or enzymatic
treatments [21, 84, 85].
1.4.2 Bacillus cereus in UHT milk
Bacillus cereus group (sensu lato) consists of seven Bacillus species, including,
B. thuringiensis (used as biopesticide), B. anthracis (agent of carbuncle), B. mycoides
(rhizoid colonies), B. pseudomycoides, B. weihenstephanensis ( psychrotolerant) and B.
cytotoxicus (thermotolerant) [86–88]. This group is a regular inhabitant of soil but is also
well adapted to grow in the gut of warm-blooded animals [86]. They are also strongly
associated with dairy products and the dairy industry environment [24, 88, 89].
B. cereus s.s. in culture medium grows in large colonies, with diameters
between 2-7 mm, from circular to irregular shape, entire, undulate, crenate or fimbri-
ate edges. They present whitish to cream color and produce pinkish-brown, yellow or
yellowish-green fluorescent pigment. Growth occurs between 10 ◦C to 45 ◦C, with optimal
growth at 37 ◦C [52]. In addition, on ideal growth conditions and absence of competing
species, the generation time is low (12 minutes). In case of extreme temperatures, the
species can sporulate [86]. Spores can be ellipsoidal, sometimes cylindrical, subterminal
or paracentral. Motility capacity is related to the presence of flagella [52]. Most strains
reduce nitrate, produce acid without gas from glucose, decompose tyrosine, are catalase
and Voges-Proskauer positive, and negative oxidase. It also hydrolyzes casein, gelatin and
starch. However, they do not show rhizoid growth and do not grow in presence of 0.001%
lysozyme [52].
Some strains have a Meso-DAP cross-linkage (meso-diaminopimelic acid) with
murein in the cell wall structure. Regarding B. cereus, it is known as meso-DAP direct
and S layer cell wall is associated with the adhesion on biotic cells. However, there are
no studies reporting on abiotic surfaces, which opens possibilities for researches in this
field [52]. This opportunistic pathogen has been linked to vision loss and keratitis by the
use of contaminated contact lenses. In people predisposed to neoplastic disease, immuno-
suppression, alcoholism or history of drug abuse, it may cause more serious diseases such
33
as bacteremia, septicemia, meningitis, cerebral hemorrhage, urinary tract infection, and
lymphedema. Neonates are also susceptible to this pathogen [52].
Moreover, B. cereus s.s is an etiological agent of two foodborne diseases: diar-
rheal and emetics syndromes. These conditions are associated with the production of up
to six toxins: (1) BL hemolysin (Hbl), (2) non-hemolytic enterotoxin (Nhe), (3) entero-
toxin T (BceT), (4) enterotoxin FM (EntFM), (5) cytotoxin K (CytK) and (6) cereulide.
Diarrheal syndrome involves the production of enterotoxins (Hbl, Nhe and CytK) in the
small intestine by vegetative growth of B. cereus, with infectious doses between 104 - 109
cells per gram of food. Symptoms appear between 8 to 16 hours after eating contaminated
food (meats, vegetables, pasta, desserts, cakes, sauces and milk) and are characterized by
abdominal pain and diarrhea. The emetic syndrome depends on the preformed cereulide
enterotoxin in food, which can contain 105 - 108 cells per gram; and ingestion of viable
cells is not a necessary condition for the syndrome development. Symptoms appear 1 to
5 hours after food intake (rice, milk pudding, pasteurized cream, pasta and reconstituted
formulas). In extreme cases it can lead to fulminant liver failure [24, 52, 86].
B. cereus s.s. with virulence genes (including genes encoding enterotoxins)
in milk is potentially dangerous for human consumption [90–92]. Although there are no
outbreaks related to UHT milk, the presence of these microorganisms is a concern. Some
research shows the presence of toxins of B. cereus in UHT milk chains (Table 1.1).
When B. cereus s.s. survives the UHT process, it promotes rancid flavor in
milk by enzyme production such as lipases [99]. Thus, high counts (102 – 103 CFU/mL)
are indicative of contaminated equipment by failures in production and hygiene processes.
The number of studies reporting this species in UHT milk, goat milk, soymilk, chocolate
milk, extended shelf-life (ESL), and UHT milk processing lines has increased significantly
in the last years around the world: Brazil [91, 94, 95, 97], Poland [96, 98], Tunisia [62],
China [24, 93], Malaysia [100] and South Africa [53]. Thus, those research indicates that
industries should review and be more rigorous with GMP applications.
The presence of B. cereus in dairy industries is associated with several failures
in hygienic practices, biofilm formation in processing plants, or thermal resistance strains
[14, 96, 101, 102]. The prevention of B. cereus in the final product begins on the farm
by avoiding high concentrations of spores in raw milk bulk tanks. Contamination can
occur through silage, soil, or neglect of hygienic practices, especially in the access to the
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Table 1.1: Bacillus cereus and toxin genes identified in isolates from UHT milk and processing lines.
Country Source Toxin genes Reference
Brazil UHT milk hblA, hblD, hblC, nheA, nheB, nheC (Chapter 2)
China UHT milk hblA, hblC, hblD, nheA, nheB, nheC,
cytK, entFM, bceT, hlyII
(Zhao et al. 2020)
Brazil UHT goat milk hblA, hblB, hblC, nheA, nheB, nheC (Dos Anjos et al. 2020)
Brazil UHT milk hblA, hblC, hblD, nheA, nheB, nheC,
cytK2, entFM
(Chaves et al. 2017)
China UHT lines hblA, hblC, nheA, nheB, nheC, bceT
, entFM
(Lin et al. 2017)
Poland UHT milk nhe, hbl, cytK (Bartoszewicz & Marjańska 2017)
South Africa Extended shelf life (ESL)
milk and filler nozzles
hblA, nheA, cytK, cer (Mugadza & Buys 2017)
Brazil UHT milk hblA, hblC, hbld,nheC, cytK (Reis et al., 2013,2019)
Poland Dairy farm and lines in
dairy UHT milk
nheA, hblA, and cytK (Bartoszewicz et al. 2008)
milking room and housing areas [20, 56]. Other sources of contamination can be related
to filling nozzles or post-thermal and post-process steps [53, 103, 104]. Processes at 65 ◦C
for 10s stimulate the activation and germination of spores (thermalization steps), which
are essential for the inactivation of species in the next UHT process step. [105, 106].
Therefore, to avoid the spread and contamination it is important to take extra care after
the post-process steps [103, 104].
It is unlikely that B. cereus survives the UHT process since the decimals reduc-
tion times (D value) to 1 log10 (90%) are easily reached with D95 value: 1.2 - 36 minutes
and inactivated at D100 value: 2.2 - 5.4 minutes [77, 105–108]. However, some species
have already been able to survive at 110 ◦C for 30 minutes and withstand 150 ◦C for 30s
with a reduction of 7.53 log10 [109, 110]. Despite that, spore inactivation temperature is
lower when compared to other thermophilic species (e.g. G. stearothermophilus: D100 =
800 min at high aw and 1000 min at low aw) [105, 106].
1.4.3 Geobacillus stearothermophilus in UHT milk
G. stearothermophilus (formerly known as Bacillus stearothermophilus) was
first identified in 1917 in cream-style corn[106]. Previously, until 1980 it was part of
group 5 of Bacillus and was the only obligately thermophile known of this genus [106,
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111]. Currently 16 species are known, including G. caldoxylosilyticus, G. galactosida-
sius, G. icigianus, G. jurassicus, G. kaustophilus, G. lituanicus, G. stearothermophilus,
G. subterraneus, G. thermantarcticus, G. thermocatenulatus, G. thermodenitrificans, G.
thermoglucosidasius, G. thermoleovorans, G. toebii, G. uzenensis and G. vulcani [111].
G. stearothermophilus are Gram-positive rods, sporulated and aerobic that
grow at 35 ◦C - 75 ◦C with an optimal temperature at 55 ◦C - 65 ◦C. The generation time
is ∼15 to 20 min and pH between 6.0 - 8.0 [106, 112]. Growth factors such as vitamins,
NaCl and KCl are not necessary for most Geobacillus, even though G. stearothermophilus
grow in 2% - 5% NaCl. Inhibition can occur by 0.001% lysozyme and 7% NaCl [112].
As grow at high temperatures they tend to produce heat-resistant spores [106]. Spores
are ellipsoidal or cylindrical, located terminally or subterminally with swollen sporangia.
They show motility due to the presence of peritrichous flagella [112]. The colonies are cir-
cular and often convex, smooth, with variable size and depending on the culture medium,
can produce pigments [112]. The 16S rRNA gene is one of the most used to identify
Geobacillus, however other genes such as recN, recA, rpoB, gyrB, parE and spo0A are
also alternatives [111]. These species are of high interest for biotechnological applica-
tions, thus the genome of more than 60 Geobacillus has already been mapped, including
G. stearothermophilus American Type Culture Collection (ATCC) 12980 [111].
G. stearothermophilus, G. thermoleovorans and Anoxybacillus flavithermus po-
tentially spoil dairy ingredients by production of enzymes and acids with flavor and texture
changes [70, 111]. It is also known for flat-sour spoilage (production of acid and absence
of gas), which is not visible due to unaltered packaging [19, 50]. They produce acid from
fructose, glucose, maltose, mannose and sucrose [112]. Most of them do not use lactose,
but strains of dairy origin have already been reported with this ability [111].
These species are common in soil, hot springs, desert sand, Arctic waters,
ocean sediments and fertilizers [112]. They are also reported in foods, such as dehydrated
soups and vegetables, canned foods, beet sugar, cocoa bean fermentation, cocoa powder,
spices, starch, flour, coffee (storage in automatic vending machines) and animal feed [106,
111, 113, 114]. Rarely found in raw milk, but contamination is possible in milking at
low concentrations (< 10 a 7 × 10 2 CFU/mL) [115, 116]. In addition, are common
in some dairy products, such as milk powders, pasteurized milk, buttermilk and whey
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[106]. Minerals such as calcium and magnesium commonly present are stimuli for spores
germinating in processed milk [106].
In theory, G. stearothermophilus is not found in UHT milk, because it is the
target micro-organism in heat treatment so its presence indicates inefficient conditions of
the thermal and/or hygiene processes [69, 117, 118]). Decimal reduction time (D-value)
of G. stearothermophilus in milk at 121.1 ◦C can vary from 2.5 to 5 minutes [4, 119].
Moreover, spores are tolerant to moist heat, with a D120 value of 16.7 min and D130 of
0.37 min [70, 120].
Generally, spores only affect the final product when exposed to high temper-
atures (>37 ◦C) [8]. Therefore, eradication of this species for industries operating in
non-tropical regions is not necessary [106]. This reinforces dairy industry concern with
distributions of products in hot climates, tropical or desert areas [19]. Thus, a severe heat
treatment (e.g. 20 minutes at 121◦C) could reduce up to 5D of G. stearothermophilus
and increase the shelf life, however it is impossible to process dairy products in these
conditions without affecting nutritional and sensory characteristics [19].
The biofilm formation on surfaces in dairy plants contributes to the perma-
nence of this species and can be one of the causes of spoilage of dairy products [23, 47,
106]. It is estimated that 25 min is the duplication time required for biofilm formation
[106].
1.4.4 Other aerobic spore-forming species in UHT milk
Other mesophilic and thermophilic sporulates bacteria co-exist in UHT milk
when the thermal process is not efficient or there is sporadically contamination. Ex-
amples of species capable of surviving the UHT process are reported in Table 1.2: B.
licheniformis, Bacillus coagulans, B. pumilus, B. subtilis, Bacillus b., Brevibacillus bre-
vis, Bacillus sphaericus and Paenibacillus lactis [16, 47, 63, 65, 66, 70] (Table 1.2). The
main characteristics of these species can be found in Appendix - Chapter 1 (Table A.2).
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Table 1.2: Other species of isolated from UHT milk chain.
Specie Source Country Reference
B. badius UHT milk Italy (Foschino et al. 1990)
B. coagulans UHT milk Italy (Cosentino & Palmas 1997)
B. licheniformis UHT milk Tunisia (Aouadhi et al. 2014)UHT milk Brazil (Pinto et al. 2018)
B. pumilus UHT milk Italy (Cosentino & Palmas 1997)UHT milk Brazil (Pinto et al. 2018)
B. subtilis Spoiled UHT milk USA (Westhoff & Dougherty 1981)UHT milk Brazil (Pinto et al. 2018)
B. sphaericus UHT milk Italy (Cosentino & Palmas 1997)UHT milk Tunisia (Aouadhi et al. 2014)
Brevibacillus brevis UHT milk Italy (Cosentino & Palmas 1997)
P. lactis UHT milk Belgium (Scheldeman et al. 2005)
1.5 Biofilm formation of aerobic spore-forming bac-
terial in dairy industry
The bacterial cells lifetime in the dairy industry is short due to the control
processes (pasteurization, acidification, salting, drying, or cooling), however, when not
destroyed they attach (reversible step) and persist, favoring the life cycle of biofilms. In
suitable conditions with available nutrients the bonds become strong forming biofilms
(irreversible stage) by anchoring, appendages, and/or production of EPS (Fig. 1.5) [7].
Biofilms development in dairy industry is similar to other environments such
as natural, clinical, or industrial surfaces [14, 124]. The diversity of species present in
raw milk reach different stages in the transformation chain (transport, heat treatment,
production of cheese, powder milk and whey), so the risk of contamination farm is a
concern [124]. Availability of nutrients, dynamics of fluids, initial microbial population,
free surface energy, electrostatic charges, microtopography surface (cracks and fissures),
time and exposure temperature are factors that influence biofilm formation [125, 126].
These biofilms reflect on the production since it rises time spent on hygiene and fouling
control, which impacts on heat transfer coefficient and promotes the increase of pumping
energy to maintain flow rates [124].
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Figure 1.5: Flow chart of biofilm formation adaptad from Illinois.edu
For more than six decades, the dairy industry has been used stainless steel
in balance tank, heat exchangers, homogenizers (aseptic or non-aseptic), aseptic tank,
aseptic filling system, tubes, valves, pumps, agitators and centrifuges) [36, 67]. Biofilm
formation can also occur on surfaces such as stainless steel, aluminum, glass, teflon and
rubber [127]. The stainless steel provides an excellent expansion coefficient, good thermal
conductivity, sensory and bacteriological neutrality, and resistance to alkaline and acidic
corrosions (promoted by cleaning and sanitization) [67].
Liquids remaining from the production processes favor the accumulation of or-
ganic and inorganic substances on stainless steel surfaces. These molecules are adsorbed
through diffusion, conditioning the surface [7, 67]. Lactose and proteins (not casein) can
promote an increase of bacteria adherence to surfaces by the synthesis of a essential poly-
mer [7, 124]. Spore hydrophobicity is also another mechanism that favors the attachment
of these microorganisms [23, 128, 129]. Other mechanisms associated are the motilities
(swimming, swarming, surfing, gliding, twitching, and sliding) [130–132]. Few studies
report the motility of dairy-associated Bacillus isolates [133] (See Chapter 2).
Bacillus species on conditioned surfaces with milk residues show capacity to
mono, duo or multi-species biofilm formation [10, 134–138]. The growth into biofilms
facilitates the interaction among species with advantages for the adhered cells such as
resistance to cleaning and sanitizing agents. This increases the microbial load in the
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processing plant and reduces the safety and quality of dairy products [23]. Thus, contam-
ination of dairy products has been associated with the biotransfer potential per released
cells (dispersion or detachment) in biofilm maturation, resulting in an unusual distribution
of microorganisms [7, 23].
B. cereus isolated from dairy industry has high adhesion capacity to stain-
less steel which is attributed to the physical-chemical characteristics of the spore surface
(e.g hydrophobicity). In the presence of water, ATCC strain showed an increase in ad-
herence when compared to whole milk, possibly due to strong hydrophobic interactions.
In addition, on surfaces conditioned with whole milk, spore adhesion is also high. The
mono-species biofilms are easily removed by sodium hypochlorite or prior cleaning with
anionic and acidic surfactant detergent [138]. B. cereus biofilms have high relevance for
the dairy industry, however, an increase of studies involving thermoduric sporulates has
emerged to attend industry demands [21, 27, 134, 135, 139].
B. sporothermodurans have a strong ability to adhere to stainless steel in the
milk circulation conection model (elbow 90 ◦C, cylindrical, and T surfaces). Biofilm
formation with spore suspension (105 spores/mL) show growth in 12 hours at 30 ◦C, with
values between 3.88 - 4.03 log10 spores per cm2 [140].
The adhesion thermophilic bacilli on dairy plant surfaces are related to cell
surface properties and physiological factors (adhesins) [141, 142]. New quantitative studies
regarding physical-chemical interactions and bacterial adhesion on surfaces are necessary
and interesting for the dairy industry [143]. A recent study quantified adhesion intensities
of thermophilic bacilli (G. stearothermophilus and A. flavithermus) in particulate stainless
steel showing that electrostatic interactions were the main driving force for adhesion at low
ionic strengths, while van der Waals interactions were attractive on surfaces with higher
ionic strengths. That is, adhesion can be suppressed by controlling the environmental
conditions of cleaning procedures, such as pH and ionic strengths, the composition of the
cleaning agent and surface treatments of materials [143].
A study with G. stearothermophilus (ATCC 15952), B. licheniformis (ATCC
6634) and B. sporothermodurans (DSM 10599) compared bacterial adhesion on native
stainless steel with different coatings: AMC 18 (Advanced Materials Components Ex-
press, Lemont, PA), Dursan (SilcoTek Corporation, Bellefonte, PA), Ni-P-polytetrafluoro
ethylene (PTFE, Avtec Finishing Systems, New Hope, MN) and Lectrofluor 641 (Gen-
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eral Magnaplate Corporation, Linden, NJ). The adherence was not related to surface
roughness, despite being influenced by surface energy and hydrophobicity. However, it
was observed that bacteria had more difficulties adhering Ni-P-PTFE coating, as well as
exhibiting the lowest solid deposition in milk [85]. Corrosion or pitting on stainless steel
surface in the dairy processing by biofilms of B. sporthermodurans and G. stearother-
mophilus has also been reported [21].
The elimination of sporulates in the UHT line is a concern. Biofilm formation
of B. sporothermodurans, G. stearothermophilus and B. licheniformis with of 7.2, 8.0 and
7.7 log CFU/cm2 were reduce to 3.4, 4.2 and 3.7 log CFU/cm2 respectively after cavitation
technique [117]. Besides that, the use of chemical treatments with lethal effects can be
an alternative to eliminate spores of heat-resistant bacteria in dairy industry, such as
hydrogen peroxide (H2O2). However, it is already known that sub-lethal stress conditions
induce high heat resistance in B. sporothermodurans [34]. Until 1961, the commercial
aseptic filling system was used combining heat and H2O2 in carton packaging, however,
the Food and Drug Administration - USA (FDA) determined that no more than 0.5 ppm
of H2O2 should be detected. Thus, some systems started to use combination of heat,
radiation and hydrogen peroxide sterilization [34].
1.6 Control and prevention of the biofilm formation
of aerobic spore-forming bacilli in the dairy
Reducing the biofilm formation in the dairy industry and avoid the presence of
aerobic spore-forming bacterial in UHT milk is essential for a better quality of milk pro-
duced. There are different tools for biofilm prevention and control in the dairy industry
[33]. To reduce contamination by thermophilic bacilli it is recommendable reduce produc-
tion times, increase cleaning procedures, use sanitizers, and control temperature cycling.
Furthermore, the first steps to reduce the microbiological load of raw milk without inter-
rupting milk production is the development and implementation of a financial incentive
system rewarding the production of higher-quality raw milk. However, regulations and
implementation of mitigation strategies must be followed by dairy stakeholders and the
government [33, 144].
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Application of cleaning in place (CIP) at the end of the production cycle
includes a sequence of step with warm water rinse, alkaline wash (removal of organic
matter, eg. fats and proteins), water rinse, acid wash (removal of inorganic matter, eg.
minerals and salts) and final rinse [145]. The cleaning procedures must remove spores from
equipment and inactivate these structures [33]. In the case of microorganisms persisting
in the equipment, the use of a sanitizer is recommended [145]. The temperature control
in the cleaning steps and the chemical concentrations (detergents and sanitizers) help in
the bactericidal and sporicidal effects and in the removal of biofilms [33]. The reuse of
cleaning solutions in the CIP is not recommended, because it can favor the spreading of
viable spores in the environment. In equipment, places such as dead ends,corners, cracks,
crevices, gaskets, valves and joints are difficult to clean and vulnerable to the biofilm
formation, so they need more attention during sanitation [146].
Limiting the time and the temperature in some processes enable the growth
control of thermophilic bacteria. Centrifuges, separators and heat exchangers time used
can be reduced to 6-8 hours with temperatures between 15 and 30 ◦C, avoiding sporulation
of thermophiles and biofilm formation [33].
When biofilms colonize a processing environment, it is necessary to understand
which microorganisms, the surface materials and fouling (proteins, fats, carbohydrates,
mineral salts) are involved. Then, routinely monitoring of the process time of the cleaning
and sanitizing steps, identifying design flaws and physical location of the equipment [33].
Although there are all these control and prevention procedures, further studies
are required to look at microbial contamination in UHT milk, as well as the ability of
spore-forming bacilli biofilm formation, since these approaches are essential to develop
methods to reduce microbial contamination. Additional research about fouling, thermal
resistance and sanitizer efficiency on spore-forming bacilli will be useful to the UHT
dairy industry. Besides that, in the future, dairy industry will find new surfaces coated
with antibacterial compounds or nanostructures that prevent or reduce the attachment
of microorganisms [85, 147, 148]. Therefore, the approaches pointed out in this research
can help to improve knowledge regarding the diversity of sporulates present in the milk
chain, as well as a inspire the development of new research to contribute to food safety,
avoiding damages to the industry.
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Abstract
The presence of mesophilic and thermophilic spore-forming bacteria in UHT milk, as
well as biofilm formation in dairy plants, are concerning. The current study explored the
spore-forming bacilli diversity in 100 samples of UHTmilk (skimmed and whole). Through
this work, a total of 471 isolates from ultra-high-temperature (UHT) milk samples were
obtained. Bacillus cereus was isolated from 7 samples, Bacillus sporothermodurans from
19 and Geobacillus stearothermophilus from 27 samples. All isolates of B. cereus s.s.
(12) B. sporothermodurans (38) and G. stearothermophilus (47) were selected to verify
the ability of biofilm formation in microtiter plates. The results showed all isolates were
capable of forming biofilms. The OD595 values of biofilm formation varied between 0.14
to 1.04 for B. cereus, 0.20 to 1.87 for B. sporothermodurans, and 0.49 to 2.77 for G.
stearothermophilus. The data highlights that the dairy industry needs to reinforce control
in the initial quality of the raw material and in cleaning procedures (CIP); avoiding biofilm
formation and consequently a persistent microbiota in processing plants, which can shelter
pathogenic species such as B. cereus s.s..
Keywords: spore-forming bacteria, UHT milk, biofilm formation, motility, Geobacillus
stearothermophilus, Bacillus cereus, Bacillus sporothermodurans
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2.1 Introduction
Spore-forming bacteria are commonly found in ultra-high temperature (UHT)
milk [1, 2]. Contamination of raw milk can also occur on dairy farms, as these spores are
common in animal feed (concentrate and soybean meal), silage, filter cloths, green crops
and fodder [3–6]. However, the microbial load present in the raw material may be negligi-
ble or not always be directly related to the final product. A possible explanation for these
species remaining in the final product could be either as persisting microbiota of the plant,
or survival through clean in place (CIP) cleaning procedures [7]. Several spore-forming
Gram-positive bacteria species found in raw milk have already been reported in UHT milk
upon heat treatment; including Bacillus badius, Bacillus cereus, Bacillus licheniformis,
Bacillus subtilis, Bacillus sporothermodurans, Geobacillus stearothermophilus, Paenibacil-
lus polymyxa and Paenibacillus lactis [7–10].
UHT processing is described as raw milk submitted to 130 – 150 ◦C heating
for 2 - 4 sec in a continuous flow, immediately cooled to temperatures below 32 ◦C, and
packaging under aseptic conditions. The final product should be microbiologically stable
at room temperature [11]. Therefore, the high prevalence of spore-forming bacteria in
UHT milk may indicate that the heat treatment applied by industries are not inactivating
the spores [12–14]. Thus, when spore-forming bacteria survive in UHT milk, it is not
always clear whether they are heat resistant or due to post-sterilization contamination
[15]. Apart from this, they are also associated with biofilms on equipment, which can be
resistant to cleaning and transferred to the food during contact with the surfaces [16].
B. cereus sensu stricto (s.s.) sporulating species represent a consumer health
risk, as an outbreak source of foodborne diseases (emetic and diarrheal syndrome). En-
terotoxins associated with the diarrheal form, such as non-hemolytic (NHE) and hemolytic
(HBL), are common in isolates from dairy products [17, 18]. Among the pathogen spores,
B. cereus and C. botulinum are the most controlled in UHT products [19]. This species
has optimal growth at 30 ◦C, and are food spoilers [4, 20–22]. B. cereus in UHT milk is
rarely associated with outbreaks, as they produce enzymes that act on the milk fat glob-
ules, promoting a rancid flavor and making the milk unpalatable [23]. Although there is
no consensus about B. cereus spore resistance, they have already been shown to survive at
110 ◦C for 30 minutes and withstand 150 ◦C for 30s, with a reduction of 7.53 log CFU/mL
in milk [24, 25]. Its ability to move collectively across medium has already been described
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by surface-induced differentiation of elongated and hyperflagellated swarm cells [26]. One
of the factors regulating motility and biofilm formation of B. cereus s.s. 905 may be the
ptsH gene, responsible for encoding the histidine-phosphorylatable protein (HPr) in the
sugar phosphotransferase system (PTS) [27] The increased ability of B. cereus s.s. to
form biofilms has also already been correlated with swarm mobility, such as stainless steel
(SS) and plastic slide (PS) surface materials [28].
Spore-forming spoilage bacteria can produce heat-resistant enzymes such as
proteases and lipases, reducing the shelf life of dairy products; for instance, B. sporother-
modurans produces highly heat-resistant endospores (HRS) and G. stearothermophilus
are thermophilic spore formers [29–31]. B. sporothermodurans are persistent in process-
ing plants and are inactivated at 148 ◦C for 10 s or 150 ◦C for 6s [15]. These spores can
survive heat treatment at 120 ◦C and 125 ◦C for up to 30 min, with low reductions (1.4
log units) [30, 32]. Besides that, the spores of G. stearothermophilus are reported as one
of the most wet-heat tolerant, with a D120 ◦C value of 16.7 min and D130 ◦C of 0.37
min [32, 33]. B. sporothermodurans is phenotypically and phylogenetically different from
other species of Bacillus species. B. sporothermodurans are strictly aerobic and can grow
between 20 ◦C - 55 ◦C, with an ideal temperature of 37 ◦C [34]; they do not produce acid
from sugars and do not hydrolyze starch, casein or urea [6, 9, 34].G. stearothermophilus,
formerly know Bacillus stearothermophilus, has an optimum growth temperature of 55
◦C– 65 ◦C [4]. All these sporulated bacteria are harmful to dairy industries due to their
ability to resist heat treatment and form mono and multi-species biofilms [35–37].
Adhesion structures such as pilins, fimbriae and flagella influence bacterial
adhesion to substrate favoring biofilm formation. These structures are responsible for
motility, which is the cell capacity of on-surface migration [38].On the other hand, lack of
motility can limit biofilm formation [39]. Some well-known motility types are: bacterial
movement by rotation (Swarming), bacterial unicellular movement by rotating flagella
(Swimming) and unicellular motility by extension and retraction of type IV pili (Twitch-
ing) [40]. Additionally, these surface extensions such as flagella and pili have external
forces that under tension or compression can alter bacterial behavior, depending on the
mechanical properties of these structures. However, little is known about how these struc-
tures react to mechanical stress [41].
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The aim of this study was to investigate prevalence and contamination of
mesophilic and thermophilic spore-forming bacteria in UHT milk in Brazil. Thus, species
of concern for dairy industry such as B. sporothermodurans, G. stearothermophilus and
B. cereus s.s. were evaluated. Finally, motility test (twitching, swarming and swimming)
and biofilm formation ability in microplates were evaluated to identify this sessile life
mode, which has represented a survival strategy for species in food processing facilities.
2.2 Material and methods
2.2.1 UHT milk sampling
A total of 100 samples from 28 different UHT milk brands (Appendix - Chapter
2, Table B.1) sold in Brazilian states were analyzed. Of this total, 53 were whole UHT
milk and 47 skimmed UHT milk. Some samples were received through company donations
and others were bought in local markets. Four samples from different lots of the same
brand were analysed. The sampling was conducted for 3 months (07/2017 to 09/2017).
2.2.2 Detection and isolation of spore-forming bacteria in UHT
milk
Presence of Bacillus spp. (PA): Ten mL of each UHT milk sample were homoge-
nized with 90 mL of Brain Heart Infusion (BHI – Difco, Becton, Dickinson and Company,
Sparks - USA), supplemented with 1 mg/L of vitamin B12 (Sigma–Aldrich, St Louis, MO,
USA) (BHI-B12) and incubated at 37 ± 1 ◦C for 48 h. After that, an aliquot of 0.1 mL
was spread on BHI-B12 agar and, incubated at 37 ± 1 ◦C for 24h [42].
Total aerobic mesophilic plate count (APC): Twenty five mL of each sample was
homogenized in 225 mL peptone water (Difco, Becton, Dickinson and Company, Sparks -
USA), followed by dilution until 10−3 CFU/mL, and an aliquot of 0.1 mL of each diluition
was spread on Plate Count Agar(PCA - Difco, Becton, Dickinson and Company, Sparks
- USA) and incubated at 32 ± 1 ◦C for 48h [43, 44].
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Total aerobic mesophilic spores (MS): For analysis of total aerobic mesophilic spores,
10 mL of milk were submitted a heat shock treatment at 80 ± 1 ◦C for 12 min. Then
an aliquot of 1 mL of each dilution was plated onto PCA (DIFCO) supplemented with
starch by the pour plate method and incubated at 32 ± 1 ◦C for 48 h [45, 46].
Highly heat-resistant spores (HRS): Ten mL of milk was heated to 100 ± 1 ◦C for
30 min, followed by dilution until 10−2 CFU/mL, and 0.1 mL of each dilution was spread
onto BHI-B12 agar, and incubated at 37 ± 1 ◦C for 48 h [9, 47].
Total aerobic thermophile spores (TS): Twenty mL of samples were transferred to
a flask containing sterile reagent grade water up to the 100 mL mark and homogenized.
Then, 10 mL of the dilution 10−1 CFU/mL were added in a Erlenmeyer flask with 100
mL of melted Tryptone Dextrose Agar (DTA – ACUMEDIA, Lansing, Michigan, USA),
and the flask was submitted to heat treatment in a water bath at 100 ± 1 ◦C for 30 min,
cooled, and distributed in five sterile Petri dishes. The plates were incubated at 55 ± 1
◦C for 48 - 72 h [48].
B. cereus ( s.l ) count.: From dilution of the samples prepared for total aerobic plate
count, an aliquot of 0.1 mL of each dilution was spread onto Mannitol Yolk Polymyxin
Agar (MYP - Himedia, Mumbai, India) and the plates were incubated at 30 ◦C for 24 h
[43, 44, 49].
B. cereus ( s.l ) spore count: For spore counting, 10 mL of each sample was subjected
to heat treatment at 80 ± 1 ◦C for 12 min, and after cooling decimal dilution until 10−1
followed; 0.1 mL of samples were spread onto MYP and incubated at 30 ± 1 ◦C for 24
hours [45].
Identification of B. cereus s.s.: All B. cereus s.l. typical colonies were subsequently
submitted to Gram staining and biochemical tests for B. cereus sensu stricto (s.s.) pre-
sumptive identification [49]. All colonies that presented Gram-positive bacilli morphol-
ogy, resistance to lysozyme, glucose fermentation (+), nitrate reduction to nitrite (+/–),
Voges-Proskauer (+), decomposition of tyrosine (+), catalase (+), crystals production
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(–), motility (+/–), rhizoid growth (–) and sheep’s blood hemolysis (+) were considered
B. cereus s.s.
After the detection and isolation for all microbiological analyses, up to five
colonies were isolated and frozen. The strains were stored at -18 ◦C in 30% glycerol.
2.2.3 DNA extraction
For the identification of B. sporothermodurans, G. stearothermophilus and B.
cereus s.s. HRS isolates, total aerobic thermophilic spores and presumptive B. cereus
s.l. were submitted to DNA extraction. For the identification of B. sporothermodurans
(SPO) and G. stearothermophilus (GEO), the cultures were randomly chosen for further
analysis, activated twice in BHI-B12 and Tryptic Soy Broth (TSB - Difco) and incubated
at 37 ◦C and 55 ◦C for 24 h, respectively. For the diarrheal enterotoxin gene detection,
B. cereus s.s. was activated twice in BHI at 30 ◦C for 24 h. DNA extraction of all HRS
isolates, total aerobic thermophile spores and presumptive B. cereus s.l., were performed
using enzymes, lysozyme, and proteinase K as described by Furrer et al. (1991).
Gene amplification of the B. sporothermodurans, G. stearothermophilus and B.
cereus s.s isolates were carried out in an Eppendorf Mastercycler Gradient thermocycler
(Eppendorf AG, Hamburg, Germany). Primer sequences (Invitrogen by Thermo Fisher
Scientific, Carlsbad, CA, USA) used in the study are described in Table 2.1. The PCR
products were analyzed by electrophoresis in a 1.5% (w/v) agarose gel (Invitrogen), with
1.0x TBE buffer (Sinapse Inc., Hollywood, FL, USA), stained with Sybr™ Safe Green
(Invitrogen), and visualized in a UV transilluminator and photo-documented.
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Table 2.1: Characteristics of primers used in this study
Specie Primer Target Gene Sequence alignment(5′ → 3′) Product Size(bp) Reference
B. cereus s.s (NHE complex)
NheA-S nheA TAC GCT AAG GAG GGG CA 500
(Hansen & Hendriksen 2001)
NheA-A GTT TTT ATT GCT TCA TCG GCT
NheB-S nheB CTA TCA GCA CTT ATG GCA G 770NheB-A ACT CCT AGC GGT GTT CC
NheC-S nheC CGG TAG TGA TTG CTG GG 582NheC-A CAG CAT TCG TAC TTG CCA A
B. cereus s.s (HBL complex)
hblA1 hblA GTG CAG ATG TTG ATG CCG AT 320HBLA2 ATG CCA CTG CGT GGA CAT AT
L1A hblD AAT CAA GAG CTG TCA CGA AT 430L1B CAC CAA TTG ACC ATG CTA AT
L2A hblC AAT GGT CAT CGG AAC TCT AT 750L2B CTC GCT GTT CTG TTA AT
B. cereus s.s (CYTK complex)
CK1F cytk-1 CAA TTC CAG GGG CAA GTG TC 426
(Guinebretiere et al. 2006)CK1R CCT CGT GCA TCT GTT TCA TGA G
CK2F cytk-2 CAA TCC CTG GCG CTA GTG CA 585CK2R GTG IAG CCT GGA CGA AGT TGG
B. sporothermodurans BSPO-F2 16S sRNA CAA TCC CTG GCG CTA GTG CA 664 (Scheldeman et al. 2006)BSPO-R2 GTA ACC TCG CGG TCT A
G. stearothermophilus Fits2 ITS 16-23S GGG GAA GCG CCG CGT TCG G 302 (Prevost et al. 2010)Rits2 GTG CAA GCA CCC TTG CAG GCG AAG A
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2.2.4 Identification of Bacillus sporothermodurans by PCR
All HRS isolates were submitted for the identification of B. sporothermodurans
by PCR. The amplifications occurred in the 16S region of the rRNA using primers, as
described by Scheldeman et al. (2002) (Table 2.1). The 25 µL PCR reaction mixture was
prepared with 1 µL of DNA, 1.5 U of Taq polymerase (Sinapse Inc.), 0.2 mM de dNTPs
(Sinapse Inc.), 1 x Taq Buffer (Sinapse Inc.), 1.5 mM de MgCl2 (Sinapse Inc.), 0.3 µm of
each primer (Invitrogen) (Table 2.1) and ultra pure water. The PCR conditions followed
were: pre-denaturation at 95 ◦C for 5 min, 30 cycles of denaturation at 95 ◦C for 30 s,
annealing at 60 ◦C for 1 min and extension at 72 ◦C for 30 s and final extension at 72 ◦C for
10 min. Positive control strains of B. sporothermodurans were used for identification: DSM
10599 (German collection of microorganisms and cell cultures, Braunschweig, Germany).
2.2.5 Identification of Geobacillus stearothermophilus by PCR
All isolates of total aerobic thermophile spores and also the HRS species iso-
lates that were not identified as B. sporothermodurans were grown at 55 ◦C, and those
that tested positive were also evaluated for G. stearothermophilus identification. The am-
plifications of the ITS 16-23S region of the rRNA were performed according to Prevost
et al. (2010) (Table 2.1). The 25 µL PCR reaction mixtures were prepared with 5 µL of
DNA, 2 U of Taq polymerase (Sinapse Inc.), 0.2 mM of dNTPs (Sinapse Inc.), 1x Taq
Buffer (Sinapse Inc.), 2 mM de MgCl2 (Sinapse Inc.), 0.3 µm of each primer (Invitrogen)
(Table 2.1) and ultra pure water. The reaction protocol was: pre-denaturation at 94 ◦C
for 5 min, 40 cycles of denaturation at 94 ◦C for 1 min., annealing at 65 ◦C for 1 min,
extension at 72 ◦C for 1 min, and final-extension at 72 ◦C for 10 min. Positive control
strains of G. stearothermophilus were used for identification: American Type Culture
Collection (ATCC) ATCC 7953.
2.2.6 Detection of enterotoxin genes NHE and HBL by PCR
The characterization of B. cereus s.s. was performed in all presumptive B.
cereus s.s. isolates; based on the presence of the genes encoding the complex of HBL
enterotoxins (hblA, hblC and hblD), NHE (nheA, nheB, nheC ) [51] and cytotoxin K (cytk-
1 and cytk-2 ) [52] (Table 2.1). PCR conditions were performed as previously described,
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with few modifications [51, 52]. For NHE and HBL these were: predenaturation at 94 ◦C
for 2 min, 35 cycles of denaturation at 94 ◦C for 45 s, annealing at 55 ◦C for 45 s, extension
at 72 ◦C for 1 min and final-extension at 72 ◦C for 5 min. Only for nheC detection was
the annealing time modified to 50 ◦C for 45 s. The detection of genes cytk-1 and cytk-2
were performed by duplex PCR with predenaturation at 94 ◦C for 5 min, 30 cycles of
denaturation at 94 ◦C for 15 s, annealing at 57 ◦C for 30 s, extension at 72 ◦C for 30 s
and final extension at 72 ◦C for 7 min [52]. Two positive control strains of B. cereus s.s.
were used for identification: NCTC 1143 and ATCC® 14579™.
2.2.7 Motility assays of B. cereus s.s., B. sporothermodurans
and G. stearothermophilus: Twitching, Swarming, Swim-
ming
The motility assays followed published protocols with a few modifications.
The identified isolates: B. cereus s.s. (n = 12), B. sporothermodurans (n = 38) and G.
stearothermophilus (n = 47) [36, 54, 55] were used in this assay. The isolates were grown
twice in BHI (Difco) (B. cereus s.s. and G. stearothermophilus) and in BHI- B12 (B.
sporothermodurans). All isolates were incubated overnight until they reached the log phase
OD600 of 1.5 to 2.5 and then adjusted to a final OD600 nm of 1 (∼1 x 108 CFU/mL) using
a DR-2010 spectrophotometer (Hach Company, Loveland, CO, USA). The motility assays
were performed using Luria-Bertani (LB) plates formulated in our laboratory with 0.3%
agar for swimming, 0.5% for swarming, and 1.5% for twitching. For B. sporothermodurans,
LB agar was supplemented with 1 mg/L of vitamin B12 (Sigma–Aldrich).
The cellular adjusted suspension was used for motil assays. For swimming
and swarming assays, 1.0 µL and 0.5 µL of bacterial suspension were spot-inoculated
on the agar surface, respectively. For twitching assays, 1 mL of culture was added onto
the bottom of the Petri dish. The plates were incubated at 28 ± 1 ◦C (B. cereus s.s.),
37 ± 1 ◦C (B. sporothermodurans), and 55 ± 1 ◦C (G. stearothermophilus). Then, the
motility zone on the surface of the Petri dish was measured after 6 h (swimming), 12 h
(swarming), and 48 h (twitching) and expressed by diameter (cm). For each bacterial
isolate, two different repetitions were performed, and all experiments were in triplicate.
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2.2.8 Biofilm formation and quantification of B. cereus s.s., B.
sporothermodurans and G. stearothermophilus through
Crystal Violet (CV) on Microtiter Plate Assay (MPA)
Total biofilm mass formation and quantification followed the protocols estab-
lished in the literature with some modifications, so that the experiments could be repro-
ducible and with reliable data for comparison [56, 57]. This study investigated the capacity
of biofilm formation for all identified UHT milk isolates (B. cereus s.s., B. sporothermod-
urans, and G. stearothermophilus) in flat 96-well microplates (Product No 92096 - Tissue
Culture Test Plate, Techno Plastic Products–TPP, Trasadingen, Switzerland) under static
conditions; using BHI broth (B. cereus s.s. and G. stearothermophilus) and BHI-B12
broth (B. sporothermodurans). The OD cut-off (ODc) to quantify the biofilm formation
was based on the absorbance average of the negative control (uninoculated medium) and
three standard deviations above. In this research, the (ODc) value was calculated for the
non-inoculated culture medium BHI (B. cereus, G. stearothermophilus) and BHI-B12 (B.
sporothermodurans) [58, 59].
The cultures were activated twice, consecutively, in BHI (B. cereus, G. stearother-
mophilu), and BHI-B12 (B. sporothermodurans); and all isolate suspensions were adjusted
with a DR-2010 spectrophotometer (Hach Company) to OD600nm of 1 (∼ 10 8 CFU/mL).
Per microplate well, 100 µL of each suspension was added and incubated at 30 ± 1 ◦C (B.
cereus s.s.), 37 ± 1 ◦C (B. sporothermodurans) and 55 ± 1 ◦C (G. stearothermophilus)
for 24 h under static conditions.
After incubation, the unattached cells (planktonic) were gently removed with
a 200 µL tip Discovery Comfort multichannel pipette (HTL Lab Solutions, Warszawa,
Poland) without touching the sides and bottom of the wells. After that, wells were gently
washed with 200 µL sterile Phosphate Buffered Saline (PBS), pH 7.2, and then air-dried at
room temperature for 30 min in laminar flow. For biofilm quantification, 125 µL of a 0.1%
crystal violet solution was added to each well and maintained for 15 min in a laminar flow,
then rinsed and 200 µL of ethanol/acetone (80/20, v/v) solution added for determining
the absorbance in a FLUOstar Omega microplate reader at Optical density (OD)595nm
(BMG LABTECH GmbH, Ortenberg, Germany). Strains ATCC® 14579™ (B. cereus
s.s.), DSMZ 10599 (B. sporothermodurans) and ATCC® 7953™ (G. stearothermophilus)
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were used as positive control. Each isolate was evaluated in five replicates and in three
independent assays.
2.2.9 Statistics
The co-occurrence network of isolates and identification was performed using
the Gephi v 0.9.2 (https://gephi.org/). The statistics were based on Spearman’s rank
correlation coefficient (rs) with a confidence level of 95 % (p < 0.05). Additional results
were obtained by the Venn’s diagram.
The motility and biofilm data were submitted to Shapiro-Wilk test, p < 0.05.
As they were not normally distributed, a non-parametric Kruskal - Wallis Anova analysis
was chosen, followed by Dunn’s post hoc multiple comparison test (*, p < 0.05). Data
were showed in dispersal graphs, in which each data point represents one isolate. The sta-
tistical analyses and graphs were made by software OriginPro, Version 2019b (OriginLab
Corporation, Northampton, MA, USA).
2.3 Results and discussion
2.3.1 Isolation and identification of sporulated bacilli species
from UHT milk
The investigation started with isolating vegetative Bacillus cells and spores in
100 samples of UHT milk from different Brazilian regions; in order to create a bacteria
accession bank to carry out future research in our laboratory. As shown in Appendix -
Chapter 2, Table B.1 , the samples were encoded by capital letters according to the brand
followed by the number. Samples of whole and skimmed milk from different batches of
the same brand were analyzed. The results obtained in all analyzes are also reported in
Appendix - Chapter 2, Table. B.1.
Spearman’s rank correlation coefficient (rs) was utilized to evaluate the mono-
tonic population relationship of the samples (Samples x Presence/absence, total aerobic
mesophilic x B. cereus s.l x HRS x total aerobic thermophile spores), as well as identified
strains (Samples x B. cereus s.s. x B. sporothermodurans x G. stearothermophilus), with
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significant p < 0.05. The coefficient values estimate the correlations between - 1 and + 1,
where -1 represents a perfect negative correlation and +1 a perfect positive correlation.
A total of 471 (100%) strains were isolated from analyzed UHT milk samples.
From this total, 120 isolates (25.5%) correspond to the presence/absence analyses in a
total of 24% (24/100) samples, 112 (23.8%) were from the total aerobic mesophilic (101)
+ total aerobic mesophilic spores (11) in 30% (30/100) of samples, 69 (14.7%) were from
B. cereus s.l. (38 vegetative cells + 31 spores) in 23% (23/100) of samples, 149 (31.6%)
were from HRS in 37 % (37/100) of samples, and 21 (4.46%) from TS in 9 % (9/100) of
samples.
The co-occurrence network of the bacilli bacterial community isolated from
UHT milk is shown in Figure 2.1 (a) Node colors indicate five different analyses connected
by links with different thicknesses (edges). The colors are yellow (PA), orange (APC),
blue (B. cereus s.l. vegetative cells and spores), green (HRS) and red (TS). The edges
indicate the number of isolates and facilitate the identification of overlapping analyses.
Through the co-occurrence network, it is possible to see some correlation be-
tween samples and the isolates. Despite that, Spearman’s correlation test showed no
decisive evidence on the association among species. This can be confirmed by the results
of positive correlations (rs ≤ 1), which were total aerobic mesophilic x B. cereus s.l.(rs =
0.17, p = 0.50), total aerobic mesophilic x HRS (rs = 0.41, p = 0.38) and total aerobic
mesophilic x total aerobic thermophile spores (rs = 0.33, p = 0.50), and negative corre-
lations ( rs ≥ -1) that were B. cereus s.l x HRS (rs = -0.55, p = 0.08) and B. cereus s.l
x total aerobic thermophile spores (rs = -0.5, p = 0.66).
A total of 50.6% (239/471) of UHT milk isolates were subjected to identifi-
cation by PCR amplification. Of this total 69 (14.6%) were from B. cereus s.l. analysis
(spores and vegetative cells) to identify B. cereus s.s.; 149 (31.6%) from HRS to identify
B. sporothermodurans; and 21 (4.5%) from total aerobic thermophile spores to identify
G. stearothermophilus. Moreover, HRS isolates that were not identified as B. sporother-
modurans were grown at 55 ◦C, and those that tested positive were also evaluated for G.
stearothermophilus identification.
Among the 69 B. cereus s.l. isolates, 17.4% (12/69) were identified as B.
cereus s.s.; and B. sporothermodurans was identified in 25.5% (38/149) of HRS isolates.
G. stearothermophilus was identified in 61.9% (13/21) of total aerobic thermophile spore
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Figure 2.1: Total distribution of bacilli per microbiological analysis in UHT milk. (a) Co-occurrence
network of bacilli and the inner relationships among UHT milk samples; (b) Total number of positive
samples (whole and skimmed UHT milk); (c) Total isolates obtained and maintained in culture bank.
PA: Presence/Absence of Bacillus sp.; APC: Total sum of vegetative cells and spores (*) by aerobic plate
count analysis; BC: Total sum vegetative cells and spores s.l. (**) by Bacillus cereus analysis; HRS:
Highly heat-resistant spores; TS: Thermophilic spore-formers.
isolates and 22.8% (34/149) of HRS isolates (Fig. 2.2 (c)). The Venn diagram depicts
the common samples among isolates (Fig. 2.2(d)). The co-occurrence network of the
identified species in UHT milk is shown in Figure 2.2 (a) and the distribution of positive
samples in (Fig. 2.2 (b)). Spearman’s rank coefficients showed no positive or negative
correlation among identified strains, thus, the association was not statistically significant.
B. cereus s.s. was isolated from 7 milk samples and the counts varied between
< 1.0 log CFU/mL to 5.3 log CFU/mL. The genetic profile characterization of diarrheal
enterotoxin genes of B. cereus s.s. was based on detection of genes encoding hemolysin
HBL, non-hemolytic enterotoxin and cytotoxin K (cytK ). cytK virulence genes were not
found in any B.cereus s.s.; however, there was a high prevalence of Hbl genes, with 100%
detection in isolates and hblA being the most prevalent (91.8%; 11/12), followed by hblC
(33% (4/12) and hblD (25%; 3/12). NHE genes (nheA, nheB and nheC ) were found in
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Figure 2.2: Total identified bacteria from UHT milk. (a) Co-occurrence network of BC, SPO and
GEO; (b) Quantity of positive samples; (c) Total isolates identified by PCR; (d) Venn diagram. BC*:
B. cereus s.s.; SPO*: B. sporothermodurans; GEO*: G. stearothermophilus.
33% (4/12) of isolates. The cytotoxin K (cytK ) gene may not have been found due to a
small number of B. cereus s.s. isolated. This result is in agreement with other studies and
confirm that cytotoxin K (cytK ) may be undetected or having a low frequency [60–62].
Whereas, the same studies have also shown a higher detection rate of cytK gene [17, 63,
64]. Although CytK is toxic to humans, its role is not fully elucidated, as well as its
low frequency in isolates of B. cereus s.s. in a food matrix [65]. On the other hand, the
high prevalence of non-hemolytic enterotoxin (NHE) and HBL hemolytic enterotoxin is
common in dairy products [17, 63, 66]. Both toxins are associated with the diarrheal
form of food-borne disease [67]. There is evidence that the presence of B. cereus s.s. in
extended shelf-life milk may be due to contamination of raw milk or filler nozzles [65].
The presence of this species can also be associated with recontamination in the areas of
the aseptic tank and in post-sterilization packaging [19].
The decimal reduction times (D-value) in a sterilization procedure is the time
needed to reduce 1 log10 (90%) of a target population [68]; thus, in theory, B. cereus is
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not prevalent in UHT milk as it is easily destroyed by thermal processes, with D95 values
between 1.2 to 36 minutes [69, 70] and inactivated by heat treatment of 110 ◦C or 115
◦C [70]. However, in practice, this species has been found and reported in several studies
around the world, including UHT milk in Brazil [63, 71–75], in Poland [76, 77], in Tunisia
[78], in Japan [79] and in China [80]. It has also been isolated from other milk products
such as, UHT goat milk and soymilk available in Brazil [12], chocolate milk from Malaysia
[81], and in extended shelf-life (ESL) milk in South Africa [65]. The presence of B. cereus
in these products draws the attention of the dairy industry and deserves a closer look to
understand the reason of contamination.Therefore, failures in hygienic practices, biofilm
formation, and B. cereus with high thermal resistance [74, 77, 79, 82] are concerning for
dairy industry. Hygiene must start on the farm, since B. cereus isolated from dairy farms
are considered potent biofilm producers, favoring the hypothesis of transferring biofilm
via raw milk to dairy industry [83]. Moreover, Mugadza & Buys (2017) showed evidence
that in addition to raw milk, the filling nozzles are a source of B. cereus contamination.
In this study, mesophilic aerobic bacteria of the Bacillus group, including
vegetative cells and spores were isolated from 30 UHT milk samples. Counts greater than
2 log CFU/mL were observed in 21 samples and the maximum count found was 4.5 log
CFU/mL. The high counts were observed in samples of different batches in 3 brands (H,
I, J); indicating deficient conditions in the processing. The same amount of samples were
positive for at least one of the other analyses performed (Presence/absence, B. cereus s.l.,
HRS, and total aerobic thermophile spores). However, 10 samples were negative for the
other analyses (Appendix - Chapter 2, Table . B.1), which is unusual, since the presence
and absence analysis favors the enrichment of injured cells.
Pinto et al. (2018), found aerobic mesophilic and spore-forming bacteria in 45%
of the 20 brands of analysed UHT milk samples, with counts higher than 2 log CFU/mL.
The identified species were Bacillus subtilis, B. amyloliquefaciens, Bacillus licheniformis,
Bacillus pumilus and Bacillus megaterium and some of these species showed proteolytic
and lipolytic activity; indicating a potential risk of spoiling during their shelf life [2] . In
another study in Tunisia, B. sporothermodurans, B. cereus , B. lichininformis, and, B.
sphaericus were identified from UHT milk [78]. In Brazil, B. sporothermodurans also has
been isolated from UHT milk [71, 84, 85].
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Although B. sporothermodurans is not pathogenic, this bacterium produces
highly heat-resistant spores, capable of surviving UHT treatment. B. sporothermodurans
was isolated from 19 samples and the counts in our study ranged from < 1.0 to 2.7 log
CFU/mL. Quantities below 105 CFU/mL do not affect the pH of the milk, so the presence
may go unnoticed [3, 86]. The presence of B. sporothermodurans in UHT milk may be
associated with the reprocessing of milk with expired shelf life and are extremely difficult
to remove from contaminated equipment [13, 15]. However, in some cases, when they
germinate and grow during storage, it can cause proteolytic activities with changes in
color, off-flavor, and destabilization of casein micelles, reducing the shelf life of UHT milk
[29, 87]. The contamination of UHT milk packages and the biofilm formation in milk
processing equipment favor deterioration [88]. One of the challenges for the UHT dairy
industry is that the time and temperature used to inactivate these microorganisms can
affect the sensory and nutritional qualities of the final product [87].
In our study, G. stearophermophilus was identified among isolates from HRS
and total aerobic thermophile spore isolates. It was found in 27 samples and was the most
prevalent species. Despite the DTA used in the total aerobic thermophile spore analysis
being the most suitable medium for the enumeration of spores of the thermophilic bac-
teria [33]; the results, however, showed that the use of BHI-B12 (HRS) can be equally
efficient. G. stearophermophilus is a relevant microorganism for the dairy industry ([30])
and its presence is frequently reported in dairy powder products [6, 25, 89–91], but in
UHT milk it have not been reported. One study evaluated the rate of sterility failures in
a line of UHT aseptic products associated with Clostridium botulinum, B. cereus and G.
stearothermophilus; and demonstrated that G. stearophermophilus was the predominant
species, mainly due to its ability to survive heat treatment [19]. G. stearothermophilus
is a post-sterilizing contaminant, resulting from failures in the homogenizer seals (down-
stream) and the air supply to the aseptic packaging unit [15]. Therefore, this species is a
hygienic indicator for poor manufacturing practices, reflecting persistent quality problems
[8, 92, 93].
Once spore-forming bacilli reaches the processing plants, it is important to re-
member that the heat treatment steps affect sporulation, spore germination and thermal
resistance. In the absence of competitor species or ideal growth conditions, it multi-
plies quickly [94]. Moreover, the presence of B. cereus, B. sporothermodurans and G.
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stearothermophilus is not common in the dairy processing environment, however, these
species can be present in raw milk and sporadically contaminate the UHT milk process
and persisting in dairy plants [6, 7, 95].
Our results in UHT milk can be indicative of equipment contamination, in-
fluenced by poorly designed pipeline systems, inadequate cleaning and sanitization, or
inefficiency of the heat treatment-sterilization process [15, 96]. Thus, the presence B.
cereus, B. sporothermodurans and G. stearothermophilus in UHT milk alert the dairy
industry for better control over the quality of raw milk and the efficiency of production
process.
2.3.2 Motility of B. cereus s.s., B. sporothermodurans and G.
stearothermophilus identified from UHT milk
The motility of all identified isolates was evaluated in triplicate. The results of
twitching, swarming and swimming motilities are expressed by diameter (cm). In Figure
2.3, the motility of the three species are exhibited. The results show that few isolates
of B. cereus s.s., B. sporothermodurans and G. stearothermophilus do not have motility,
with a zero diameter zone and are illustrated by dots near zero of the Y-axis (Fig. 2.3
(a)).
a b
Figure 2.3: (a) Motility of BC, SPO and GEO per sample. Bars illustrate average values for each isolate’s
motility; (b) Macroscopic measurements of growth and shape of the colony of the different motilities. BC:
B. cereus s.s.; SPO: B. sporothermodurans; GEO: G. stearothermophilus; Twi: Twitching; Swa: Swarming
and Swi: Swimming.
75
In our work we found motility swarm values from 4.2 mm to 5.0 mm (Table
2.2) after 12 h, a behavior similar to that presented by [97],that associated this behavior
with the regulation of the ClpYQ gene [97]. Although we have not found reports about
B. sporothermodurans or G. stearothermophilus motilities, some authors bring important
observations about B. cereus s.s.motility [26, 28, 36, 97–99]. There are reports in the
literature of swarming and swimming for B. cereus s.s. [26, 28, 98] and other Bacillus in
dairy products [36]. The swarming motility of Bacillus s.s. emetic strains (KCTC 13153
and ATCC® 14579™) is correlated with a greater capacity for biofilm formation [28].
Moreover, motility can also be affected by deficient mutants [98]. These facts motivated
us to identify the isolates motility since they will be stored in our culture bank for future
studies.
All results for assay of twitching, swarming, and swimming for each species
and shape of the colony (Fig. 2.3 (b) and Table 2.2) are information is relevant since
that compare the behavior in different surface environments [40]. Despite the bacteria
becoming non-mobile when the biofilm reaches its maturity, motility occurs again for
mature biofilms in the dispersion process which leads to the destabilization of multicellular
aggregates, reinforcing the importance of the studies [39, 100, 101].
Table 2.2: Diameter variation of motility
BCs.s(12) SPO(38) GEO(47)
Motility Diameter (cm)
Twitching 0.5–1.7 0.3–2.0 0.5–1.9
Swarming 2.5–4.8 2.2–4.3 2.5–5.0
Swimming 4.2–5.0 4.0–5.3 2.8–6.2
The transition from motility to biofilm is regulated by two stages: inhibition
of flagellar function and inactivation expression of the flagellar gene. In addition, the
extracellular polymeric substance (EPS) in B. subtilis is expressed only when the flagel-
lar rotation is interrupted, due to activation of the two-component DegS–DegU system,
which are cytoplasmic kinases with functions in regullatory genes [41, 102]. The EPS
is synthesized by proteins encoded in the 15 gene eps operon, which also contains the
bifunctional EpsE protein that inhibits flagellar motility. It is difficult to capture the
precise moment, as well as the physiological states of this transition, however, these steps
are interesting to the scientific community since it might be the key to control undesirable
biofilms persisting in dairy processing plants or in the food industry in general [39, 103].
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Twitching, swarming, and swimming motility are the three important bacterial
functions that are responsible for the formation of biofilms. In twitching motility, the
on-surface bacterial translocation occurs by individual cells or small groups of bacteria
(microcolonies); inducing cell aggregation, and the production of large halo of interstitial
colony expansion. To convert the rotation into a translational motion of the cell body,
single cells rotate their flagella and these helical filaments use the physics of fluids at the
micrometer scale [41]. The motion depends on the extension and retraction of the type
IV pili (TFP) [104–106].
This appendix also affects cell adhesion, colonization, biofilm formation, and
horizontal gene transfer. Although studies on twitching are more common in Gram-
negative bacteria, advances in genetic sequencing have demonstrated that TFP is also
common in Gram-positive bacteria [86, 107, 108]. The precise coordination of the mo-
torized TFP activity has already been detected by measurements of contact surface; in-
dicating that the attachment on the surface iniciates the retraction. The pili is probably
sensory feedback, allowing control of cell displacement, increasing the efficiency of con-
verting chemical energy into mechanical work [109].
The unicellular adhesion depends on factors such as the liquid environment, the
solid surface and the bacteria itself, however the other two locomotion modes (swarming
and swimming) use the same propulsion system by rotating the helical flagella, present
in the fixation steps [40, 110]. However, swarming occurs in association with individual
cells (unicellular) in liquid environments, while swimming is an independent movement
that occurs with many bacteria in bulk liquid (multicellular). These coordinated motility
behaviors might be used to explore the surrounding environment, search for nutrients, or
create structured communities such as biofilms, benefiting the cells [40, 111].
2.3.3 Evaluation of biofilm-forming ability through crystal vio-
let assay of B. cereus s.s., B. sporothermodurans and G.
stearothermophilus
All identified isolates were submitted to biofilm formation assays in BHI (B.
cereus, G. stearothermophilus) and BHI B12 (B. sporothermodurans). Biofilm formation
was observed after incubation for 24 hours at optimal growth temperature at 30 ◦C for
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B. cereus s.s.., 37 ◦C for B. sporothermodurans and 55 ◦C for G. stearothermophilus.
Negative control wells containing only BHI (B. cereus, G. stearothermophilus) and BHI
B12 (B. sporothermodurans) were used.
The results were based on the ability of the species to form biofilms in each cul-
ture medium, in accordance with the classifications that follow: BHI: non-biofilm-former:
OD ≤ 0.07; weak-biofilm-former: 0.07 < OD ≤ 0.14 ; moderate-biofilm-former: 0.14 <
OD ≤ 0.28 and strong-biofilm-former: OD > 0.28. BHI B12: non- biofilm-former: OD
≤ 0.10 ; weak-biofilm-former: 0.10 < OD ≤ 0.20; moderate-biofilm-former: 0.20 < OD
≤ 0.40 and strong-biofilm-former: OD > 0.40. The behavior was compared with a pos-
itive control for each species: B. cereus s.s.. (ATCC® 14579™), B. sporothermodurans
(DSMZ 10599) and G. stearothermophilus (ATCC® 7953™). The OD values for the posi-
tive control were 0.44 ± 0.2, 0.49 ± 0.5 and 0.57 ± 0.3 respectively. Thus, OD values are
proportional to the amount of biofilm biomass (cells and extracellular polymeric material)
which means, the greater amount of biological material, the higher the absorbance [112].
The data sets were not normally distributed, so they were analyzed using
the Kruskal-Wallis ANOVA and Dunn multiple comparison post-test (Fig. 2.4). The
OD595 value of biofilm formation varied between 0.14 to 1.04 for B.cereus, 0.20 to 1.87
for B. sporothermodurans, and 0.49 to 2.77 for G. stearothermophilus. The OD595 values
found for B. cereus biofilm, was very close to those found by other authors [28, 113].
However, for the other species, we have not found any relatable work. Few isolates
did not form biofilms (B. sporothermodurans = 3 and B. cereus = 1 ). Additionally, 1
isolate of B. sporothermodurans, 4 of B. cereus and 1 G. stearothermophilus formed weak
biofilms. Moderate biofilm formation was observed in 3 B. sporothermodurans and 3 G.
stearothermophilus isolates. In contrast, 100% of G. stearothermophilus showed an ability
to form biofilms, with (43) 91,5% exhibiting high absorbance values. Although we have
not found studies that report the growth of this species in microplates, the high capacity
for biofilm formation of G. stearothermophilus on stainless steel surfaces has already been
reported in other works concerning dairy products [35, 114]. Biofilm formation of these
species were reported in milk reactors after 18 h, reaching approximately 106 cells/mL
[114]. Perhaps the high capacity for biofilm formation of G. stearothermophilus justifies
the large amount that was identified in UHTmilk, since biofilm formation can be a survival
strategy in dairy processing lines. Also, this species was more active than compared to
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B. sporothermodurans, as it quickly produces metabolites that influence the start of the
corrosion process in the dairy industry [115].
Figure 2.4: Biofilm formation of BC s.s., SPO, and GEO per sample. Each dot represents one iso-
late. Bars illustrate average values. * shows Dunn post hoc test. The analysis of motility and biofilm
was calculated using Normal distribution (Shapiro–Wilk test, p ≤ 0.05). BC: B. cereus s.s.; SPO: B.
sporothermodurans; GEO: G. stearothermophilus. BC and GEO: non-biofilm-former: OD ≤ 0.07; weak-
biofilm-former: 0.07 < OD ≤ 0.14 ; moderate-biofilm-former: 0.14 < OD ≤ 0.28 and strong-biofilm-
formers: OD > 0.28. SPO: non- biofilm-former: OD ≤ 0.10 ; weak-biofilm-former: 0.10 < OD ≤ 0.20;
moderate-biofilm-former: 0.20 < OD ≤ 0.40 and strong-biofilm-former: OD > 0.40.
Although there is a correlation between motility and biofilm formation, mobile
bacteria can generate non-motile subpopulations. This behavior is mediated by physio-
logical changes, such as mutation or phenotype regulation and may involve the DegS –
DegU system, that controls the biofilm formation and other multicellular behaviors [39,
116, 117]. Thus, these bacteria have a great ability to form biofilms. This might be a
possible explanation for some isolates that did not show motility in our experiment, but
formed a biofilm [39, 80]. Among the three bacterial species studied, B. cereus s.s. is
the most commonly cited species in the literature, in mono or multi-species biofilms [62,
98, 113, 118]. The presence of B. cereus s.s. in UHT milk is not common, however,
the species can influence the technological performance, contributing to the deterioration
of dairy products due to the production of temperature-tolerant extracellular peptidases
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and lipases [36, 119]. A major concern is that B. cereus s.s. isolated from UHT milk
may develop survival strategies for persisting in dairy plants, mainly because of their hy-
drophobicity and adherence to inert materials [62, 120]. Thus, the survival of B. cereus
in a UHT processing plant may be due to its biofilm formation ability since the spores
tend to be heat-resistant [82]. Also, it has already been proven that B. cereus has the
capacity to survive in biofilms, even in smaller numbers and in synergy with other species
[82, 118, 121, 122]. These facts may justify the small amount of B. cereus isolated from
UHT milk that showed the ability to form biofilms in this study.
The incidence of sporulated bacteria in the final product may be a consequence
of these species in animal feed concentrate or cattle feed supplements, collaborating for
biofilm formation at the beginning of the milk production chain; for example, in raw
milk silo [65, 123] . Furthermore, the biofilm-forming strains genotypic and phenotypic
changes, affect acid and alkali tolerance in the stages of sanitization [124]. In addition,
spores isolated from dairy products tend to adhere more easily than vegetative cells in
stainless steel, especially in the presence of milk residues, facilitating the biofilm formation
[114, 125]. The control of microbial contamination in UHT milk is critical in two phases,
including the heat treatment and the following aseptic steps [19]. Thus, all the information
reported here reinforces the need for strict supervision of biofilm control in the dairy
industry [62, 65, 98].
2.4 Conclusion
This study demonstrated that UHT milk may contain the pathogens B. cereus
and spoilage bacteria such as B. sporothermodurans and G. stearothermophilus. The
macroscopic motility (twitching, swarming, and swimming) and the biofilm formation
capacity of B. cereus, B. sporothermodurans, and G. stearothermophilus was also shown.
The results revealed that it was not possible to associate the motilities with the ability
to form biofilms in any of the three species. G. stearothermophilus and B. sporother-
modurans; although not harmful to the health of consumers, they demonstrated a high
capacity for biofilm formation, which is a concern for the dairy industry, as they can
shelter pathogenic species such as B. cereus. Thus, the presence of these bacteria may be
due to insufficient thermal treatment, high initial microbial load of raw milk, and con-
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tamination after thermal treatment, which are also indicative of improper manufacturing
practices and hygiene failure.
We hope that macroscopic studies like those presented here will motivate other
food reserchers, stimulating the use of biophysical techniques in the study of adhesion,
motility, biofilm formation and pathogenicity [41]. For future works, we suggest the me-
chanical characterization of food-borne bacteria be explored together with mechanomi-
crobiology, using appropriate instruments such as optical tweezers, magnetic tweezers and
atomic force microscopy (AFM). We also suggest that further research explore the ther-
mal resistance of spore-forming bacilli with the ability to form biofilms, associating them
with mobile genetic elements [126].
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Abstract
Bacillus sporothermodurans producer of highly heat resistant spores (HRS) is a problem
in the dairy industry worldwide. In this work, we studied the attachment and biofilm
formation on stainless steel under the presence of the milk proteins (casein and whey pro-
tein). The results of biofilm formation were obtained by bacterial plate count. In parallel,
the biofilm structures such as niches and cell sizes were measured by scanning electron
microscopy (SEM) on the 1st, 5th and 10th day. X-ray photoelectron spectroscopy (XPS)
was a complementary technique that probed the conditioning of the substrate surface af-
ter 24 h. The proteins affect the total bacterial count in the samples, and they influence
the biofilm architecture. Sessile cell count varied from 4.3 log CFU/cm2 for attachment
stage and up to 10.2 log CFU/cm2 for biofilm maturation stage. The sporulation counts
varied from < 1.4 ± 0.02 (1st day) to 3.7 log ± 1.1 log spores/cm2 (10th day). The B.
sporothermodurans behavior in the control group for biofilm maturation (5th day) with
higher niches than in cell fixation (1st day), as well as passive dispersal on the 10th day.
Circular patterns in the biofilm with casein, active dispersal in 5th day, and bacterial
elongated cells were also observed. We have also shown that enzymatic treatment and
disinfectants can contribute to remove this species by reducing the impact of these biofilms
on the dairy industry.
Keywords: life cycle biofilm, architecture biofilm, Bacillus sporothermodurans, microscopy,
whey, casein, dispersal, sanitizer,
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3.1 Introduction
Biofilm formation in the dairy industry is similar to industrial and clinical
environments. However, the composition of milk can affect bacterial adhesion [1, 2]. Milk
is a rich biochemical complex in proteins, fat globules, lactose, minerals, and vitamins,
with neutral pH (6.4 to 6.8), high water activity (aw: 0.99), and oxidation-reduction
potential (Eh::> 0.3 mV), providing growth of aerobic microorganisms [1, 3–5].
The presence of milk residues from the production process contributes to con-
dition the stainless steel (SS) surfaces since these nutrients are adsorbed on the surface.
Therefore, biofilm formation on surfaces directly in contact with milk, such as those in
heat exchangers, evaporators, tubes and reservoirs, is common [1, 6]. Some bacterial
species (Pseudomonas sp., Acinetobacter sp., Flavobacterium sp. Micrococcus sp., Alcali-
genes sp., Moraxella-like sp.) can fix on glass, rubber, and SS surfaces and show high
adherence with lactose and non-casein proteins, due to the synthesis of an essential poly-
mer for cell adhesion [1, 2]. On the other hand, the reduction of Staphylococcus aureus,
Listeria monocytogenes and Serratia marcescens adhesion can be observed in skimmed
milk on the SS surface [7]. Similarly, S. aureus and L. monocytogenes also had reduced
adhesion in the presence of individual milk proteins[7]. The κ-casein has shown an in-
hibitory effect on the formation of biofilm and virulence of L. monocytogenes [8]. The
peptide-based coating has also been tested to modify the physical properties of the SS
surface and resulted in the reduction of biofilm formation by Bacillus licheniformis and
Pseudomonas aeruginosa [9]. In skimmed milk, high biofilm dispersal can occur in mono
or multispecies of Bacillus cereus, L.monocytogenes and S. aureus, except for Enterococcus
faecalis [10].
Complex biological structures, such as biofilms, promote interspecies and intra-
species interaction, including spore-forming bacteria that eventually contaminate the milk
in dairy farms [1, 2]. However, we are not aware of studies that report the influence of milk
proteins in the biofilm formation by Bacillus sporothermodurans, common in raw milk and
that may remain in ultra-high temperature (UHT) milk upon inadequate heat treatment
[11–13]. These bacteria are also common in animal feed (concentrate and soybean meal),
silage, filter cloths, green crops and fodder [14–16].The first reports in the literature for
B. sporothermodurans isolated from UHT milk were in 1985 (Italy), 1990 (Austria) and
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1995 (Germany), however few scientific studies demonstrate the behavior of this species
in biofilms [12, 14, 17].
B. sporothermodurans are Gram positive, with optimal growth at 37 ◦C, pH 5
to 9, and NaCl up to 5% [12, 14]. It is difficult to promote the isolation and growth of
these species from UHT milk in the laboratory, even in a culture medium rich in nutrients
(nutrient agar and brain heart infusion (BHI)) [12]. On the other hand, growth is possible
using B12 vitamin [18]. B. sporothermodurans biofilms in the UHT milk line favors their
presence in the final product, which can multiply until reaching 10 5/mL during storage at
30 ◦C for 5 days. Although they do not spoil the milk and are not pathogenic, this species
has become a widespread problem in the dairy industry around the world, especially due
to spore resistance in heat treatment, corrosions and susceptibility to sanitizers [12, 19].
Non-pathogenic B. sporothermodurans are correlated with high counts of aer-
obic mesophilic bacteria in the UHT milk. Therefore, they can grow up to 105 cfu/mL
showing no sensory changes in storage (gas production, acids, hydrolyzed casein)[20, 21].
However, they are a concern for the dairy industry as producers of highly heat-resistant
spores (HRS) and biofilm formation, which may shelter other pathogens and spoilage mi-
croorganisms [22–24]. Moreover, biofilms induce pitting and corrosion on stainless steel,
which makes elimination of these inconvenient species for the dairy industry even more
difficult [25–27]. Such biofilm formation can affect the heat transfer coefficient in heat
exchangers, increasing the energy demand to maintain flow rates. In addition, production
time is shortened in proportion to the time spent with cleaning and disinfection [26, 28].
In previous work with UHT milk was noticed a high amount of aerobic bacilli,
but at that time it was not possible to identify which species were present [10].Therefore,
a project was elaborated isolating and identifying species from UHT milk (See Chapter
2), in which was found a significant amount of B. sporothermodurans. The presence of
this species is a recurrent concern in the dairy industry due to the persistence in the
production plants and removal difficulty. Thus, we believe that evaluating the behavior
of B. sporothermodurans under the effect of milk proteins (casein and whey) on stainless
steel at different biofilm formation stages (adhesion, maturity and dispersion) makes it
possible to bring additional information in the literature for prevention and disruption of
this species.
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3.2 Material and methods
3.2.1 Bacterial strains and inoculum preparation
For the inoculum we used B. sporothermodurans DSMZ 10599 (German col-
lection of microorganisms and cell cultures, Braunschweig, Germany) and two strains of
our collection isolated from UHT milk (See chapter 2), previously identified by 16S sRNA
via PCR amplification using primers BSPO-F2 (5’ ACG GCT CAA CCG TGG AG 3’)
and BSPO-R2 (5’ GTA ACC TCG CGG TCT A 3’) [15].
All strains were stored at -20 ◦C in 30% glycerol solution. Prior to biofilm
formation, each microorganism was cultivated separately and activated by transferring a
loopful into brain heart infusion broth (Difco, Becton, Dickinson and Company, Sparks -
USA) supplemented with vitamin B12 (Sigma-Aldrich, Steinheim, Germain) (BHI-B12)
for 24 h at 37◦C. The inoculum preparation for biofilm formation was performed with
a pool of all three strains (2 mL each). The bacterial inocula were standardized to 1
MacFarland (∼3 × 10 8 cfu/mL) using a densitometer (model 99234, BioMérieux, Marcy
l’Etoile, France). Then dilutions were done to reach nominal inocula of approximately 10
5 CFU/mL.
3.2.2 Cleaning and preparation of stainless steel surface
Stainless steel surfaces (AISI 304) utilized for the assays in the size of 1.0 cm
x 1.0 cm dimensions, 0.1 cm thick were obtained from Ecolab® / Nalco (Brazil) (Fig. 3.1
(a)). The initial roughness (0.34 ± 0.03 µm) was verified by a profilometer (Dektak 150,
Veco Instruments, Tucson, USA).
B
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Experiment 1 BHI - B12
Experiment 2 BHI - B12 Whey Protein
Experiment 3 BHI - B12
Sodium
Caseinate
Experiment 4 BHI - B12
Whey Protein + 
Sodium Caseinate
a b
Figure 3.1: (a) Stainless steel surfaces (AISI 304). (b) Flowchart of the experimental design for the
evaluation of milk proteins effect.
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The SS surfaces were first cleaned with acetone to remove the grease from
the manufacturing process. They were then washed by sonication (Sharp UT-204, Sharp
Company, Tokyo, Japan) with a 1% NaOH solution for 30 min, followed by rinsing in
sterile water and submerged per immersion in 1% nitric acid for 15 min. Subsequently,
they were twice rinsed in distilled water and sterilized at 121 ◦C for 15 min [29].
The SS surfaces were reused among the repetitions of the same experiments,
and kept separate until use. The SS samples were checked before the biofilm formation in
optical microscopy. Biofilm cleaning and removal was also visually confirmed by microbial
biodetector (BioFinder, iTram® Hygiene, Spain). This product promotes an enzymatic
reaction per decomposition of hydrogen peroxide with a positive reaction forming bubble
zones [30–32].
The homogeneity of SS surface analysis was evaluated by scanning electron
microscope (SEM) (Phenom, FEI Company, Hillsboro, OR, US) and the surface chemical
composition by X-ray photoelectron spectroscopy (XPS), model VSW HA-100 (VSW
Scientific Instrument LTDA, England).
3.2.3 In vitro B. sporothermodurans biofilm formation for eval-
uation of milk proteins effect
To evaluate the effect of milk proteins in the in vitro biofilm, four experiments
were designed, performed in independent triplicates (Fig. 3.1 (b)). The SS samples were
suspended by nylon® thread and immersed in 60 mL of different media concentration.
Experiment (1) was the control assay, only with BHI-B12 culture medium. In Experiment
(2) the effect of whey proteins (WPC 80 standards, Arla foods - SP, Brazil) in BHI-B12
and 7g/L of whey was observed. In Experiment (3) 28g/L of casein (Sodium caseinate,
Alibra Campinas - SP, Brazil) were used . Experiment (4) allowed observation of the
effect of both milk proteins used. This preparation was also used for control samples as
measured by XPS (Section 3.2.5). The milk proteins used correspond to the average of
proteins per liter of milk (∼3.3%), whose casein concentration varies from 75% to 85%,
and whey proteins from 15% to 22% [3, 33].
B. sporothermodurans were grown in BHI-B12 and the inoculum was prepared
according to item 3.2.1. It was subsequently diluted in the culture medium used for
experiments until reaching a concentration of 104 CFU/mL. All experiments were kept
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at 35 ◦C, under static conditions. The initial pH was adjusted to 7 and measured before
sessile cell removal. The B. sporothermodurans biofilm formation was observed for two SS
samples, after 24h (Day 1), 72h (Day 3), 120h (Day 5), 168h (Day 7) and 240h (Day 10).
3.2.4 Sessile cells and spores count of B. sporothermodurans
biofilm
For each counting time, SS samples were transferred to 10 mL of sterile saline
solution (0.85% NaCl wt/vol) for 1 min to remove poorly adhered cells (planktonic cells).
For removal of sessile cells, the SS samples were transferred to another tube containing
10 mL of sterile saline solution and 5 g of sterile glass beads, submerged in an ultrasonic
bath (Sharp UT-204) for 5 min, and followed by optical microscopy [34, 35].
For spore counts, a tube containing the removed biofilm cells was submitted
in a water bath at 100 ◦C for 30 min, eliminating the vegetative cells and inducing spore
germination. After the sessile cells removal and thermal shock, they were diluted in saline
solution (0.85% NaCl). Then an aliquot (0.1 mL) was spread on BHI-B12 agar (BHI-
B12) plate (Difco / Sigma-Aldrich), incubated at 35 ◦C for 24 hours. The counts were
performed for days 1, 3, 5, 7 and 10. For each counting day, two samples were used.
The data were transformed into log CFU and calculated by using the following
equation:
log
(
CFU
cm2
)
=
[(
M
VA
)
×
(
VD
A
)
× D
]
(3.1)
Where: VD = rinsing volume (mL); VA = aliquot plated volume (mL); M =
average colony number after incubation on plate (CFU); D = decimal dilution; and A =
SS surface area (cm2) [36, 37].
3.2.5 Surface analysis of conditioning film
The chemical composition of the conditioned SS surface by milk proteins was
analyzed by XPS (hemispherical analyzer VSW HA-100). The measurements were per-
formed in an ultra-high vacuum environment (UHV) with ∼ 2.10−8 mbar pressure. The
x-ray source used was aluminum anode with Al Kα emission (hν = 1486.6 eV) and an-
alyzer pass energy of 44 eV. Four SS surfaces were treated at the same culture medium
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concentration for 24h as previously described (Section 3.2.3), without bacterial inoculum.
Before introducing the samples in the XPS UHV chamber, they were rinsed with deion-
ized water, dried in laminar airflow at room temperature, and stored in a desiccator. XPS
data of these samples were compared with that from the clean SS surface which was used
as Control.
3.2.6 Experimental characterization of B. sporothermodurans
biofilm by scanning electron microscope (SEM)
The follow-up of biofilm formation was observed with SEM (Phenom, FEI
Company, Eindhoven, NL) in days 1, 5 and 10. The samples were prepared accord-
ing to Lorite et al.(2011). The surface structures were identified in the images and the
corresponding areas measured by Fiji (distribution of the ImageJ software, US National
Institutes of Health, Bethesda, Maryland, USA) [39].
3.2.7 Efficacy determination of enzymatic treatment and disin-
fectant against B. sporothermodurans biofilm by Single
Tube Method (STM)
The Single Tube Method (ASTM E2871) was performed to evaluate the efficacy
of enzymatic products and disinfectant against B. sporothermodurans biofilm, which was
grown according to item 3.2.4 in BHI-B12 for 24h (cell attachment). The initial inoculum
was 108 CFU/mL.
For each disinfectant, 3 untreated controls and 5 treated surfaces were used.
The preparation of products (enzymatic or disinfectant) were carried out according to
the manufacturer’s instructions. The products were evaluated for 15 minutes (Biojet +
EnzyJet Plus) and 30 minutes (Enzycip) at 50 ◦C (Itram®) and Vortexx™ and Vortexx™
ES (Ecolab®) for 10 minutes at 50 ◦C and 15 minutes at 40 ◦C, respectively. For Ecolab®
products the neutralizer used was DE broth (Acumedia, MI, USA), while a mixture of
30g/L tween 80, 3g/L lecithin and 1g/L L-histidine was used for iTram® products. The
biofilm was removed and disaggregate via vortexing and sonication, as described in item
3.2.4. Then, the sessile cells were counted in BHI B12 and incubate at 35 ◦C. The data
obtained for both control and treated surfaces (CFUs) were transformed into log densities
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(LD, log (CFU/cm2)). Then, for all experiments, the logarithmic reduction (LR) was
calculated by subtracting the mean for treated biofilm (LDT) from the mean of untreated
controls (LDC) [37, 40]. This process was analyzed by SEM.
In parallel, surface chemical analyses were performed by XPS, after aplication
of the 4 products (Biojet + EnzyJet Plus, Enzycip (Itram) and Vortex and Vortex ES
(Ecolab®).
3.2.8 Statistical analysis
Statistical analyses were performed by OriginPro software, Version 2019b (Origin-
Lab Corporation, Northampton, MA, USA). The data were checked for normality and
homogeneity by Shapiro Wilk and Levene’s test with p ≤ 0.05 for all responses. The influ-
ence of whey and caseins on the biofilm formation (sessile cells and spores) were performed
using Two-way ANOVA and Tukey’s multiple comparisons test (P-values lower than 5%).
For the analysis of the biofilm areas, the samples normally distributed were performed
with one-way ANOVA and Tukey post hoc tests, whereas non normally distributed data
were by Kruskal Wallis and Dunn’s tests. The level of significance was 5%.
3.3 Results and discussion
3.3.1 Surface analysis results of conditioning film and condi-
tioned surface
The XPS spectra indicate the presence of organic material after 24 hours,
which characterizes the surface conditioning and favors biofilm formation. Figure 3.2
shows the survey spectra for each experiment, as well as the control sample. In the
control Experiment, a high Oxygen (O 1s) peak, resulting from surface oxides, as well as
adventitious carbon (C 1s) from contamination during air exposure were found. The Fe
2p (Iron) and Cr 2p (Chromium) peaks, elements present in the chemical composition of
the stainless steel alloy, were also observed. These results are in agreement with previous
reports [41, 42].
For Experiments 1, 2, 3 and 4, there was a significant change in the spectrum.
The Fe 2p and Cr 2p peaks vanish due to the conditioning film formation, which coats the
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Figure 3.2: XPS survey spectra for each Experiment
SS surface, whereas the N 1s (Nitrogen), Cl 2p (Chlorine), Co 2p (Cobalt) peaks appear.
Nitrogen and carbon (C 1s) reflect the presence of organic compounds, common in the
culture media and in milk protein, whereas Co is derived from vitamin B12 and Chlorine
from BHI (NaCl).
3.3.2 Sessile cells and spores counting
B. sporothermodurans biofilm life cycle was evaluated under the influence of
milk proteins from cell attachment, maturation, dispersal until sporulation. After biofilms
were removed and disaggregated, the sessile cell and spore counting was performed (Fig.3.3
(a, b)). Sessile cell count varied from 4.3 log CFU/cm2 for attachment stage (bacterial
adhesion) and up to 10.2 log CFU/cm2 for biofilm maturation stage (Table 3.1). The
average of sessile bacterial cells counting per day are shown in the Table 3.1 and Figure
3.3.
The highest values were observed for 5th day (biofilm maturation) with counts
of 10.2 ± 0.2 log CFU/cm2 for BHI-B12 (Exp. 1), 9.7 ± 0.3 log CFU/cm2 for BHI-B12-W
(Exp.2), 8.7 ± 0.4 log CFU/cm2 for BHI-B12-C (Exp.3), and 9.0 ± 0.3 log CFU/cm2 for
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BHI-B12-W/C (Exp.4). Biofilm passive dispersal was observed from the 7th and 10th
day for all substrates.
The mean of sessile cells counting per day do not show significant differences
(p> 0.05) among experiments for Day 1 (Attachment biofilm) and Day 5 (Maturation
biofilm). However, differences were observed on days 3, 7, and 10 (p< 0.05).
Table 3.1: Mean values of comparison of the biofilm life cycle.
Exp.1 Exp.2 Exp.3 Exp.4
Day 1 4.8 ± 0.4 4.9 ± 0.2 5.0 ± 0.3 4.8 ± 0.3
Day 3 6.5 ± 0.9a 6.6 ± 0.9a,b 6.9 ± 0.6b 4.3 ± 0.6c
Day 5 10.2 ± 0.2 9.7 ± 0.2 8.7 ± 0.4 9.0 ± 0.2
Day 7 9.0 ± 0.2a 7.5 ± 0.3b,d 5.3 ± 0.2c,d 6.9 ± 0.5d
Day 10 7.7 ± 0.1a 5.8 ± 0.4b 5.5 ± 0.6b 5.6 ± 0.3b
*Values (log CFU/cm2) and standard deviation followed by same letters in the lines not differ in the
Tukey test (P > 0.05).Exp.1: BHI-B12 (Control Group); Exp. 2: BHI-B12-Whey; Exp. 3:
BHI-B12-Casein and Exp. 4: BHI-B12-Whey/Casein
The sporulation was observed on the 3rd day. The spores counts varied from
< 1.4 ± 0.02 (1st day) to 3.7 log ± 1.1 log spores/cm2 (10th day) (Fig.3.3 (b)). For the
spore count among all experiments, there were no significant differences (p > 0.05) (Fig.
3.3).
Initial pH (1st day) was 7 in all experiments and the final pH (10th day) was 9
for BHI-B12 (Exp. 1) and 8 for the other groups (Exp. 2,3 and 4). All the results above
showed the ability of B. sporothermodurans to grow in different milk-related substrates.
These results indicate that the milk proteins (whey, casein) affected the biofilm
formation on stainless steel, specifically in Experiment 2, 3 and 4, when compared to the
control group. Low B. sporothermodurans cell count in the adhesion stage was observed
in Exp. 4 (Day 3). However, this did not prevent the biofilm from reaching matu-
rity (Day 5), which suggested that proteins have influenced bacterial behavior. This
finding is in agreement with other studies showing that proteins affects reduce the ad-
hesion of other bacteria such as Listeria monocytogenes, Staphylococcus aureus, Serratia
marcescens, Pseudomonas fragi and Escherichia coli [7, 8].
B. sporothermodurans mono-species biofilms with counts of 3.10 ± 0.02 log
CFU/cm2, and multi-species Geobacillus stearothermophilus and B. licheniformis) with
5.1 ± 0.02 log CFU/cm2 on SS surfaces were reported in the literature. The initial inocu-
lum was 107 CFU/mL and counting occur after 3 days [27]. These values in mono-species
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Figure 3.3: B. sporothermodurans biofilm life cycle: sessile cells (a) and spores (b) on SS surface. Exp.
1: BHI-B12 (Control Group); Exp. 2: BHI-B12-W; Exp. 3: BHI-B12-C and Exp. 4: BHI-B12-W/C
are lower than those found in this work (minimum: 4.3 ± 0.7, Exp.4 and maximum 7.0 ±
0.7, Exp.3) for the same removal time. However, these authors used another method of dis-
aggregation by swabs and vortex [27]. Possibly, the methodology of this work (ultrasonic
bath and microscopy) has shown higher efficiency in the disaggregating and harvesting of
sessile cells [35].
Other studies reported the biofilm formation by spore-forming bacilli HRS
and thermophilic bacterial [19, 43, 44]. Species such as Bacillus pumilus can form biofilm
with 5.9 log CFU/cm2 on SS surface after 2 days, similar values found in this study
[43]. Spores of Bacillus, including thermophilic bacilli, can attach more easily on SS
surface when compared to vegetative cells [44]. The same behavior was observed for B.
sporothermodurans, B.licheniformis and G. stearothermophilus spores [19]. Furthermore,
corrosions are inevitable after prolonged exposure to these species [20]. Characterization
of B. sporothermodurans biofilm formation by scanning electron microscope (SEM).
The presence of spore in the dairy industry is a concern because they are
resistant to severe processing conditions, showing thermal and sanitizers resistance, also
contributing to equipment corrosion and pitting [20, 45–47].
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3.3.3 Characterization of B. sporothermodurans biofilm forma-
tion by scanning electron microscope (SEM)
Regardless of having significant differences (p < 0.05) in cell counts and among
biofilms in all experiments, it is possible that milk proteins contribute to changes in
biofilm phenotype. To explain the behavior of B. sporothermodurans and the influence
of milk proteins (whey and casein), we performed SEM measurements. The covered
area of bacterial aggregation was observed in 1st day (cell attachment), 5th day (biofilm
maturation) and 10th day (biofilm dispersal).
a b e
dc
Figure 3.4: SEM of B. sporothermodurans biofilm on SS surface in the 1st day. (a) Experiment 1 –
Control Group (BHI-B12); (b) Experiment 2 (BHI-B12-W); (c) Experiment 3 (BHI-B12-C); (d) Exper-
iment 4 (BHI-B12-W/C); (e) Comparison of clusters or aggregates on SS surface; * and n.s. indicate
differences (p < 0.05, and non-significant, respectively).
1st day
The measured area indicate significant differences for the first day (p < 0.05).
In particular, biofilm areas in Exp. 3 and 4 were significantly different compared to
others but not between them (Fig. 3.4 (c, d, e). Thus, SEM revealed that this behavior
may have been influenced by casein, present in both experiments. In Exp. 2 (Fig. 3.4
(b)) the shapes of observed aggregates exhibit an unusual distribution with small clusters
and circular patterns growing spreadly in the horizontal direction. The means, medians,
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minimum and maximum of biofilm areas are consistent with this finding (Appendix -
Chapter 3, Table C.1).
Regarding B. sporthemodurans length on biofilms surface, values ranged from
a minimum of 2.5 µm to a maximum of 26.9 µm (Fig. 3.5 (b)). The average of Exp. 1, 3
and 4 were 7.07 µm, 7.04 µm, 7.5 µm, respectively, with no significant differences on the
1st day (p > 0.05). On the other hand, Exp. 2 average was 10.9 (p < 0.05).
Interestingly, differences (p < 0.05) in diameters were observed, especially for
Exp. 4 (Fig. 3.5 (a)) whose minimum, average, and maximum values were 0.6 µm, 0.8
µm, and 0.9 µm, respectively. On the other hand, Exp. 1, 2 and 3 exhibited minimum
values of 0.4 µm, average of 0.6 µm, and maximum of 0.9 µm (Fig. 3.5 (a)).
d
a b
c
Figure 3.5: Diameter of cells of B. sporothermodurans biofilm in 1st day. * indicating differences (p <
0.05). (b) Elongated cells in Exp. 2. (c – d) Example of an image used to measure length and diameter
(Exp. 1). Exp. 1: BHI-B12 (Control Group); Exp. 2: BHI-B12-W; Exp. 3: BHI-B12-C and Exp. 4:
BHI-B12-W/C.
Xylella fastidiosa growth elongated up to 10 times their typical size when
connected to neighboring clusters in the biofilm formation. This elongation or filamentous
cells is a central characteristic of biofilm formation preceding the motility and fragmentary
biofilms [48–50]. Other studies with B. cereus,Vibrio cholera, Caulobacter crescentus, and
Pseudomonas aeruginosa have also reported these filamentary cells [50–53].
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So far, only planktonic cells have already been examined with SEM; lengths
varying in the range of 6 µm to 10 µm and 0.5 µm in width were reported [54]. Those values
are lower when compared to the maximum values observations of sessile cells reported in
this work (length up to ∼27 µm and width ∼ 0.9 µm). Nonetheless, a possible justification
for the diameter increase of this species may be related to the presence of central or
subterminal spores. Planktonic cells with subterminal or central spores can present a
cylindrical shape from 0.7 µm to 0.8 µm wide [54]. Moreover, by comparing the increase
of cells diameter together with the area, we can speculate that there is a higher interaction
between cells and the contact surface, which might result in a deformation.
The dimensions of bacterial cells, cell attachment and biofilm structure can be
affected by compounds or chemical composition of the culture medium [55, 56]. Thus,
the differences in cell attachment observed for spatial distribution in Exp.3 and 4 can be
explained based on cell interaction with these compounds. Thus, this a concern to food
safety since these proteins are frequently in contact with surfaces in dairy production [1].
5th day
Remarkably, mature biofilms exhibited differences when compared to cell at-
tachment results (1st day - Fig. 3.5) and also among the experiments in this day. The
milk proteins (whey protein, casein) affect the final amount of sessile cells present on SS
surface (Results shown in section 3.3.2) and SEM data also show a heterogeneous behavior
(Fig. 3.6 (b, c and d), indicating that milk proteins possibly impact biofilm formation.
The size of the niches in biofilm maturation was significantly higher, in Exp.
1 - control group (Fig. 3.6 (a)) shown significant differences (p < 0.05) compared to
Exp. 2 (Fig. 3.6 (b, e, f)), Exp.3 (Fig. 3.6 (c, e, f)) and Exp. 4 (Fig. 3.6 (d, e)). In
general, B. sporothermodurans behavior in the control group followed expected biofilm
maturation (5th day) with higher niches than in cell attachment (1st day). This result
correlates in agreement with our previous findings which showed an increase in the number
of vegetative cells (Section 3.3.2). The comparative analysis may also be observed through
the means, medians, maximum and minimum values of biofilm areas (Appendix - Chapter
3, Table C.2). Although it was not possible to view and measure individual cells in high
magnification in Exp.2, it was possible for the other groups, whose average was of 6.18
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Figure 3.6: SEM of B. sporothermodurans biofilm on SS surface in the 5th day. (a) Experiment
1 – Control Group (BHI-B12); (b) Experiment 2 (BHI-B12-W); (c) Experiment 3 (BHI-B12-C); (d)
Experiment 4 (BHI-B12-W/C); (e) Comparison of clusters or aggregates on SS surface; (f) Comparison
of clusters between in Exp. 2 and Exp.3; * indicating differences (p < 0.05).
µm, 6.43 µm, and 3.58 µm for length and 0.53 µm, 0.73 µm, and 0.84 µm for diameter
in Exp. 1, Exp. 3, and Exp. 4, respectively.
Circular patterns of agglomerates in Exp. 2 (Fig.3.7(a,b)) confirmed our re-
sults for the 1st day (Fig.3.4(b)). Underneath this structure, it was possible to see B.
sporothermodurans (Fig. 3.7 (b)).
a
b
Figure 3.7: Spatial distribution of B. sporothermodurans biofilm in the 5th day. (a - b) Exp. 2: Circular
patterns of B. sporothermodurans agglomerates in presence of whey proteins.
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Probably, milk proteins affect B. sporothermodurans structure on SS surface,
and consequently, the matrix of extracellular polymeric substances (EPS) that contribute
to the biofilm lifestyle [57]. EPS composition depends on the microorganism, local shear
stress, availability of nutrients, and host environment [57]. Although EPS is common
in most bacteria, different structural formats and distributions are exhibited by Gram-
positive including secondary wall polymers covalently linked to peptidoglycan, glycocon-
jugate, glycosylated proteins, capsular polysaccharides and secreted exopolysaccharides
[58].
The biofilm spatial distribution (Fig. 3.6 (b, c, d) and Fig.3.7(a, b)) in this
day could be considered as dispersion. The counts of sessile cells (Results presented in
item 3.3.2) show that the biofilm reached its maximum growth on the 5th day for all ex-
periments, and when comparing these data with the microscopic observations, it reveals
that there are a large number of small niches of biofilm in the active dispersal stage. In
the active dispersion, the bacteria spread on stainless steel, with few and small clusters.
This process is triggered by signals (quorum sensing, starvation or cell death) and is char-
acterized by an orderly transition [59]. This dispersal, also known as native, is initiated
by bacteria that are located in the center of mature biofilms [60]. Therefore, active dis-
persion is only noticed when followed by microscopy. Thus, these results indicate that the
use of more than one technique to quantify adhered cells and observe the biofilm architec-
ture is extremely useful [61] , encouraging further publications on minimum information
guidelines of biofilms [62–64].
10th day
A reduction of agglomerates sizes was evident in Exp. 1 - Control group.
Visually most of the observed clusters showed detachment and erosion (Fig. 3.8 (a);
Appendix - Chapter 3, Fig. C.2 (a, b, c, d, e)). These observations can also be confirmed
by niche measurements (Appendix - Chapter 3, Table C.3). The stage in which the biofilm
spatial distribution culminates in the cells detachment is known as passive dispersal,
usually occurring at the end of life cycles and characterized by cell detachment and erosion
[59]. Unlike the active dispersion that was observed on the 5th day only by SEM, this
passive dispersion could be confirmed by the plate count, behavior expected for the 10th
day. The spatial distribution of Exp. 1 (Fig. 3.8 (a)) was significantly different (p < 0.05;
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Fig. 3.8 (e)) compared to Exp. 2 (Fig. 3.8 (b)) and Exp. 3 (Fig. 3.8 (c)). Differences
(p < 0.05) in cell length and diameter were also observed in the 10th day (Appendix -
Chapter 3, Fig. C.1 (a, b)).
a b e
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Figure 3.8: SEM of B. sporothermodurans biofilm on SS surface in the 10th day. (a) Experiment
1 – Control Group (BHI-B12); (b) Experiment 2 (BHI-B12-W); (c) Experiment 3 (BHI-B12-C); (d)
Experiment 4 (BHI-B12-W/C); (e) Comparison of clusters or aggregates on SS surface * indicating
differences (p < 0.05).
In Exp. 2 there was an increase of agglomerates when compared to other
days, although small clusters remained on the SS surface (Fig. 3.8 (b), and Appendix -
Chapter 3, Fig. C.2 (f, g, h)). Other peculiarities were observed in the 10th day (Appendix
- Chapter 3, Fig. C.2 (f, g, h, i, j)). Including small niche formats (Appendix - Chapter
3, Fig. C.2 (f, g, h, i, j)). However, more detailed studies chemically characterizing these
small niches can be carried out in the future.
In Exp. 3 bacteria had long connections (Appendix - Chapter 3, Fig. C.2 (k,
l)) and structures that part of the biofilm spatial distribution (Appendix - Chapter 3, Fig.
C.2 (k, l, m, n, o)). These elongated cells were also observed in Experiment 4 (Appendix
- Chapter 3, Fig. C.2 (k, l, p, q)). In experiment 4, cells involved in EPS were observed
(Appendix - Chapter 3, Fig. C.2 (r)-green circles). The structure had a circular shape,
the same shape observed in Exp. 1 (Appendix - Chapter 3, Fig. C.2 (b, c, d, e - blue
arrow)) and Exp.2 (Fig. C.2 (i) - red arrow)
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Although we have seen elongated cells in this study, we cannot conclude what
they represent. In the literature, the elongated cells is a common behavior of planktonic
cells for HRS strains, previously observed in conventional optical microscopes [12].
However, for Xylella fastidiosa this behavior is more common in sessile cells located at
the edges of the biofilms. This is because the elongated bacteria are responsible for
interconnecting small bacterial clusters in the biofilm [49]. Chains of elongated cells with
minimal visible septation are found in the edges of the expanding bacterial population.
This has already been reported for Campylobacter jejuni in the presence of milk and blood
[50] and for X. fastidiosa biofilm [49]. Moreover, overproduction of proteins (GpSB and
YpsA) may favor filamentation or the formation of elongated cells by disruption of the
assembly of FtsZ (ring-like structure and central division protein) [65–67]. This elongation
is interesting for research groups that study non-model organisms, which may reveal new
regulatory mechanisms [66].
The homogeneity on SS samples were checked before the biofilm formation
and none of the samples had cracks or trenches. However, biofilm layers were observed
overlaid with surface cracks or trenches in Exp. 4 (Appendix - Chapter 3, Fig. C.2 (s, t)).
The corrosion and pitting of SS surfaces might shelter undesirable bacteria (spoilage and
pathogenic), putting in risk the production line. The SS surface pitting by these bacteria
has already been reported in another work [20]. The microbially-induced corrosion (MIC)
is a field of study with high interest for dairy industry [20, 46, 68].
In addition to conditioning film influence on bacterial aggregation, there was
biofilm formation at the air-liquid surface (Appendix - Chapter 3, Fig. C.3 (a, b, c and
d)), which might be related to pairwise competition between biofilms, either for oxygen or
nutrients [69]. This formation may be related to the adaptive lineages, allowing interaction
with the environment and showing improved fitness advantage [69]. In addition, physi-
ological and morphological common in air-liquid interface biofilms can trigger metabolic
changes and sporulation. These cells are metabolically more active and aggressive in
interactions and coordinated actions against competitors [70].
Perhaps the competition between biofilms has influenced the counts of sessile
cells (Fig. 3.3 (a)).Therefore, for in vitro studies, we recommend that future works take a
broader approach accompanying this formation, both by microscopy and counting. The
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assay of biofilm formation at the air-liquid surface is also interesting in studies on the
production and comparison of EPS [71, 72].
Other bacilli, such as B. cereus, B. subtilis and B. licheniformis associated to
milk also form biofilm at the air-liquid interface with robust pellicle [73–75]. Moreover,
B. cereus presents better biofilm formation at the air-liquid interface than in submerged
systems [76]. We did not find any studies that report the formation of B.
sporothermodurans in this system. Thus, we suggest that future studies approach this
species, since it may be present in storage and industrial pipelines, remaining in residual
liquid after a production cycle [76].
3.3.4 Evaluation of enzymatic treatment and disinfectant against
B. sporothermodurans biofilm by STM
Single tube method (ASTM E2871) was the standard method selected to mea-
sure the effectiveness of antimicrobial products against biofilms, which is determined by
log reduction of viable cell counts. The initial inoculum was increased from 104 CFU/mL
to 108 CFU/mL, to check if the reduction in viable cells reached expected values (∼5 log).
Despite being a different condition from the previous ones (inoculum), well developed cov-
erage with biofilms can be seen in the Fig. C.4 (Appendix - Chapter 3). The evaluation
was performed after 24 hours of biofilm formation in BHI-B12 medium. The untreated
control (LDC) and treated surfaces (LDT ), as well as the LR of enzymatic products and
sanitizers used are shown in Table 3.2 and Fig. C.4 (Appendix -Chapter 3). The XPS
analysis are shown in Fig. C.5 (Appendix - Chapter 3).
Table 3.2: Effectiveness of enzymatic treatment and disinfectants on B. sporothermodurans biofilm
Enzymatic treatment (Itram®) Disinfectants (Ecolab®)
Biojet+Enzyjet Plus Enzycip Vortexx™ Votexx™ ES
LD SD LD SD LD SD LD SD
Treated sample (LDT) 3.83 0.39 3.06 0.57 3.62 0.37 2.42 0.36
Control sample (LDC) 8.86 0.18 8.14 0.10 8.13 0.13 8.74 0.03
log10 reduction (LR) 5.03 0.43 5.08 0.57 4.51 0.39 6.32 0.36
LD: log10 density SD: standard deviation
Biojet + Enzyjet Plus are enzymatic products recommended for open surfaces,
whereas Enzycip is applied on Clean-in-place Systems (CIP) [30, 77]. The enzymatic
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products (iTram®) were effective in B. sporothermodurans biofilm removal on SS surface
(Table 3.2 and Appendix - Chapter 3, Fig. C.4 (b, c, d, e)). It is important to remind
that enzymatic products are not bactericidal, they only break proteinaceous materials
and polysaccharide matrix [6]. Thus, iTram® application protocols recommend that the
enzymatic products must be applied prior to a disinfectant [30, 77].
The ECOLAB® chemicals were also efficient to eliminate biofilm on SS surface
(Table 3.2 and Appendix - Chapter 3, Fig. C.4 (f, g, h, i)). The chemical composition of
both products is a blend in different concentrations of acid acetic, peracetic, octanoid and
hydrogen peroxides. These products are recommended in food and beverage industries
for disinfection of stainless steel (pipes, tanks, fillers, evaporators, pasteurizers) [78, 79].
Through XPS analysis, it was possible to identify the chemical composition of
the very first atomic layers of the surface before (Control) and after the STM procedure.
The survey spectra ( Appendix - Chapter 3, Fig. C.5) of all samples after treatment
showed no significant trace of remaining organic matter on the surface. All spectra indicate
chemical composition identical to the Control sample, which characterizes the effectiveness
of the cleaning and desinfection procedure. Therefore, these products can be used as a
strategy to prevent and reduce the impact of B. sporothermodurans biofilm.
The enzymatic and disinfectant treatment efficacy on B. sporothermodurans
biofilms was the last step of this research. In the future, a detailed investigation will be
required to evaluate the sporicidal activity, which must use reliable methodologies such
as, Quantitative Carrier Test (QCT - Standard ASTM E2111), Sporicidal Activity Test
(SAT - AOAC 966.04), or Three Step Method (TSM - ASTM E2414) [80].
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3.4 Conclusion
This is the first report of B. sporothermodurans biofilm life cycle under the
influence of milk proteins (whey and caseins). In this study, the steps of cell attachment,
maturation, dispersal until sporulation were observed by counting of sessile cells and
spore. Moreover, measurements of bacterial cells, biofilm size and spatial distribution
were performed by SEM.
B. sporothermodurans on SS surfaces showed a high rate of biofilm formation.
The bacterial count was influenced by milk proteins, and, they modified spatial distribu-
tions and cell dimensions. Biofilms characteristics such as elongated and interlaced cells,
eventual pitting or corrosion, and biofilm formation at the air-liquid interface were also
observed.
An interesting strategy to prevent and reduce the harmful impact of these
biofilms in the dairy industry could be useful through the enzymatic products and disin-
fectants such as those shown in this work. In addition, we suggest that future works also
approaches the sporulation of these species.
New strategies, combining experimental and theoretical analysis, as well as
innovative techniques can benefit future studies. Microscopy of three-dimensional space
and time by automated analysis that quantify high-yield images may contribute to eval-
uation of phenotypic and genotypic variations of biofilms. In addition, these tools and
protocols help to predict biofilm inhibitory activity and quantify microbial communities
by providing a solid quantitative basis [81–83].
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General discussion
This study has shown that mesophilic, thermophilic, and heat-resistant sporu-
lates bacteria are associated with the UHT milk production chain. Total mesophilic
aerobic bacteria (vegetative and spores) were isolated from 30% of samples; highly heat
resistant spores from 37% of samples; aerobic thermophile spores from 9% of samples,
and B. cereus s.s. (vegetative cells and spores) from 7% of samples. A total of 471 iso-
lates were obtained from 100 skimmed milk samples (53) and whole milk (47). It was
possible to identify species that are not expected in this product, such as B. cereus (12
isolates), G. stearothermophilus (47 isolates, from 27 samples) and B. sporothermodurans
(38 isolates, from 19 samples). The latter, which is strongly associated with UHT plants,
is more frequent in the recycling of milk. Studies have already mentioned the presence of
B. cereus and B. sporothermodurans in UHT milk in Brazil [26–29] . On the other hand,
G. stearothermophilus has been associated with powder milk so far [30]. Recent studies
have shown that high counts of thermophilic spore formers in dairy powders originate
from persisting strains in processing lines [31].
The ideal setting would be the complete identification of all isolates, however,
due to project limitations, it was not possible. This hindered the build of the co-occurrence
network among samples and isolates (Fig. 2a - Article 1) resulting in data with low
correlations. However, we speculate that the high trend in the count of B. cereus is related
to the increase of total aerobic mesophilic (P =0.4971). Despite this, some isolates and
possible identified ones will be submitted to the new generation sequencing, paired-end
on Illumina MiSeq platform (16S RNA V3-V4 region). Also, complete genetic sequencing
will be performed with a shotgun approach on Illumina MiSeq system. This will be
possible because in 2019 we were awarded the project “Microbiome Research Program
2019”, sponsored by Neoprospecta. Thus, this work will allow a high-level continuity
that will complement the results presented in this thesis, contributing positively to the
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microorganism database in the laboratory of food microbiology I (Department of Food
Science and Nutrition - School of Food Engineering, University of Campinas).
An interesting topic of this work is that all identified species were submitted to
motility analysis and biofilm formation in microplates. Unfortunately, through statistical
analysis, there was no evidence that bacterial motility and biofilm formation were related.
We do not know if this is because the sample sizes are small or by the limitations of the
analyses. Despite this, it was interesting to observe the bacterial behavior in macroscopic
motility (Twitching, swarming, and swimming) and the high biofilm formation capacity
in microplates. The biofilms formed after 24 hours at an optimal temperature of B.
cereus (30 ◦C), B. sporothermodurans (37 ◦C) and G. stearothermophilus (55 ◦C).
Studies have shown swarming and swimming motility for B. cereus [32–35], but we did
not find any research that could be correlated with our results for the other species. The
same difficulty was also found for microplate assays. The disadvantage of macroscopic
observations is the limitations of the information obtained. Thus, for future research, we
suggest additional approaches to motility, biofilm and [36, 37], as well as the biophysical
techniques, mechanomicrobiology (optical tweezers, magnetic tweezers and atomic force
microscopy (AFM) [38].
Some of these spores may have developed thermal resistance, so studies that
focus on resilience and attributed factors to these characteristics are interesting to the
scientific community, as these species persist in processing plants. In particular, a study
with B. subtilis showed conclusive evidence that the mobile genetic element (similar to
Tn1546) carry certain operons containing genes that provide high-level heat resistance
to spores. These findings enable new opportunities for detection and control of highly
heat-resistant spore-forming bacteria [39].
This study has the merit of approach a neglected subject that is the presence
of sporulates on biofilms. In a broader sense, the idea is that the control and permanence
of this species in the processing units need increased attention. [31]. Therefore, we ended
the first part of the work by suggesting that the presence of these sporulates in biofilms
may be one of the reasons why such bacteria can reach UHT milk. The formation of
biofilms by sporulates is a concern for the dairy industry in processing plants as they are
related to corrosion and pitting [20, 40].
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To continue the investigation, a more detailed analysis of the B. sporothermod-
urans biofilm life cycle on stainless steel surface, including steps of attachment, matura-
tion, dispersal and sporulation for days 1, 3, 5, 7 and 10 was performed. Simultaneously,
the main steps of B. sporothermodurans biofilm formation and the influence of whey pro-
teins for the days 1, 5 and 10 were evaluated by SEM. Moreover, the XPS technique
was used to obtain relevant information on the conditioning of whey proteins and possi-
ble residual of enzymatic and chemical treatments. Interestingly, we found that proteins
(whey and caseins) interfere in the count of B. sporothermodurans, and the structure of
biofilm formation is modified by them (Fig. 3.3 - Article 3). The structure along the
maturation stage (5th day) for Experiments 2 (casein), 3 (whey) and 4 (casein + whey)
exhibited change when compared to the control group (Fig 6- Article 3). Bacteria were
spread on stainless steel, with few and small agglomerates. Maybe this is a possible active
dispersal triggered by signals (quorum sensing, starvation, or cell death), characterized
by an orderly transition [41]. This can be characterized by a native dispersion, which is
initiated by bacteria that are located in the center of mature biofilms [42]. On the other
hand, the plate count showed that B. sporothermodurans reached a peak with mean values
of 9.40 ± 0.71 log CFU/cm2.
The dispersion was observed by plate counting from the 7th day with averages
of 7.19 ± 1.51 log CFU/cm2 and on the 10th day: 6.16 ± 1.02 log CFU/cm2 (Fig.
3a- Article 3). The passive dispersion was confirmed by SEM since the biofilm showed
sloughing of cells and erosion [41]. This was the first work that observed this bacterial
behavior forB. sporothermodurans, and it was only possible due to the complete follow-up
performed by the concomitant analyses.
In the next step, the synthetic medium (BHI) was chosen for biofilm formation
of B. sporothermodurans on stainless steel and verify the effect of application of enzymatic
(Biojet + EnzyJet Plus, Enzycip - Itram) and chemical treatments (Vortexx and Vortexx
ES - Ecolab), using the technique recommended by ASTM [43, 44]. These chemical
substances are a new approach recommended for use in the dairy industries. Thus, good
results were achieved, so that the dairy industry can removal of these biofilms in the
processing plants.
126
General conclusions and perspective
In this thesis, high prevalence and counts of spore-forming bacteria were found
in UHT milk. The choice of isolation analyses was strategic to identify species such as
B. cereus, B. sporothermodurans, and G. stearothermophilus, which are not frequently
reported in ultra-high temperature (UHT) milk. The presence of these species is indicative
of a high microbial load in raw milk, insufficient heat treatment, contamination after heat
treatment, inadequate manufacturing practices and hygiene failures. The Brazilian dairy
industries need to improve processing conditions to reach the good quality of the UHT
milk.
The study of biofilm formation capacity on microplates and motility (twitching,
swarming, and swimming) of B. cereus, B. sporothermodurans, and G. stearothermophilus
were verified. All 3 spore-forming species showed ability to form biofilm, demonstrating
that it is necessary to control the entry and permanence of these species to prevent
biofilm formations on surfaces of UHT processing plant. Bacterial cells are able to sense
and respond to several extracellular signals by means of a regulatory network that control
the genes involved in biofilm formation [45]. The first step associated with biofilms is
attachment influenced by motilities (swarming, surfing, gliding, twitching, and sliding)
[38, 46, 47]. Then, after the inactivation of motilities, species begin to express EPS,
the biofilm life cycle is settled down and molecules are self-produced and secreted [45].
Therefore, the next studies should unveil and capture information about these steps, as it
may be the key to controlling persistent biofilms in the dairy industry. An open possibility
in the future is to study motilities and biofilm formation by biophysical techniques and
mechanomicrobiology, with the mechanical characterization of the bacteria. The existence
of different instruments such as optical tweezers, magnetic tweezers, and atomic force
microscopy (AFM) makes it possible to obtain deep and specific information.
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The study of the life cycle of B. sporothermodurans biofilm (cell attachment,
maturation, dispersion, and sporulation) under the influence of milk proteins (whey and
caseins) on stainless steel showed the high rate of biofilm formation. The sessile cells
counts, formation of large structures, variation in spatial distributions and cell dimensions
(length and diameter) were affected by the presence of milk proteins (whey and casein)
and were observed through SEM. It is also necessary that biofilms research carry out
microscopic monitoring to validate certain hypotheses, and complement the information
obtained by plate counting, such as cell size changes, or specific behavior like active
dispersion, common in the biofilm maturity.
The Single Tube Method was applied for enzymatic and chemical treatments,
providing a quantitative measurement of the log reduction in viable biofilm. Remarkably,
the method showed a quantitative reduction of B. sporothermodurans biofilm after expo-
sure to enzymatic (Itram) and chemical (Ecolab) treatments, revealing the efficiency of
the products to remove the biofilms. In addition, in future studies, verify the effect of
these substances on spores or sporulation should be performed.
Finally, this thesis provides relevant information for both the scientific com-
munity that dedicate to the study of biofilm formation, and the dairy industry that search
for knowledge about these species and new perspectives to control them in the processing
plants.
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Appendix - Chapter 1
Table A.1: Research on B. sporothermodurans published in the last 24 years.
Quantity Studies aim Source of Methods Country* Referenceisolates
1 UHT milk
PCR
amplification of
Bacillus the 16s rRNA
sporothermodurans gene, Germany, Italy, (Petterson
has been proposed Ribotyping, France et al., 1996)
for HRS DNA base
composition and
reassociation
2
Raw-milk, PCR
samples amplification
PCR identification from milk Analysis of DNA Germany, (Herman
method transport dot blots and Belgium et al., 1997)
tankers Southern blots,
DNA sequencing
3
Genotypical and
Rep-PCR Netherlands
phenotypical UHT milk (Klijn
characterization, and raw et al., 1997)
and determination milk
of heat resistance
4
The isolation and a
Raw milk REP-PCR
new protocol for Belgium, (Herman
typing allowing Netherland, et al., 1998)
genetic Germany
differentiation
5 Heat resistance UHT milk - Netherlands, (Huemerof spores Germany et al., 1998)
6
DNA probe for the Amplification of
Germanydetection and UHT milk 16S rRNA gene (de Silvaidentification by and silage (PCR, sequencing, et al., 1998)
16S-23S rDNA spacer PCR)
7 Occurrence
Chemotaxonomic of
BelgiumFeed method of fatty (VaerewijcKconcentrate acid methyl et al., 2001)
esters analysis,
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genotypic method
of amplified
ribosomal DNA
restriction analysis
(ARDRA)
complemented with
16S rRNA
gene sequencing
8
Sterilized, Dominican
milk, UHT Republic,
Evaluate genetic by milk, soy, Ribotyping and Ecuador, (Guillaume-
using molecular feed (REP)-PCR Germany Gentil et al.,
techniques concentrate fingerprinting Pakistan, 2002)
silage and Mexico, France
raw milk Italy, Belgium
9
Raw milk, PCR
BelgiumA new method for UHT milk identification of (Scheldemanthe identification and feed 16S rRNA gene et al., 2002)
concentrate BSPO
10
Enumerate,
UHT milk
PCR-amplified
Italycharacterize 16S rDNA, (Montanarimorphologically scanning electron et al., 2004)
and phenotype microscope (SEM)
11
Amplified
Belgium
ribosomal DNA
restriction
In dairy analysis
Incidence and farms: (ARDRA), the (Scheldeman
diversity fodder, 16S rRNA genes et al., 2005)
green crop were amplified by
PCR, DNA-DNA
reassociations,
DNA base
composition
12 UHT milk
Heat treatment of
spores heating,
Effects of wet heat transmission Germany and (Frederick T.
treatment in the electron South Africa Tabit &
spores microscopy Buys, 2010)
(TEM) analyses
of spores
13 UHT milk
Identification (Frederick T.
Effect of gene BSPO by South T. Tabit &
stress PCR and Africa Buys, 2011)
RT-PCR
14
Investigate the
UHT milk
Identification
Tunisiapressure-induced gene BSPO by (Aouadhi
spore germination PCR and et al., 2012)
sequencing 16S
rDNA
15
UHT milk,
sterilized
Descriptions of milk, raw PCR, DNA-DNA Belgium,
Bacillus milk, feed hybridization, Germany, (Heyndrickx
sporothermodurans concentrate, SDS-PAGE Dominican et al., 2012)
soy, pulp patterns Republic, Italy
and silage
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16
Development PCR
UHT milk
DNA
Brazil
combined with amplification (Cattani
propidium gene BSPO and et al., 2013)
monoazide semi-nested
treatment touchdown PCR
17 UHT milk
Ultra high
GermanyInactivation of pressure (Espejospores homogenization et al., 2014)
treatments
18
Incidence and raw, pasteurized PCR gene BSPO
Tunisia
(Aouadhi
characterization and UHT milk and sequencing et al., 2014)
16S rRNA
19 Inactivation in milk UHT milk Ultrasonication Germany (Khanalby ultrasonication treatment et al., 2014)
20 UHT milk
Identification
Tunisia
Sporulation gene BSPO by (Aouadhi
conditions and the PCR and et al., 2016)
resistance of spores sequencing 16S
rDNA
21
RTi-PCR
Spain
Development Cow milk UHT reaction, ampl. (Abouelnaga
direct rapid and goat milk by real time PCR et al., 2016)
quantitative UHT and sequencing of
the 16S RNA gene
22
Evaluation of
UHT milk
Biofilm mono-
Germanybiofilm formation species and multi- (Jindalon stainless species et al., 2016)
steel surfaces
23 Investigate the Raw milk Gene rpoB and Tunisia (Kmihaquality of milk BSPO by PCR et al., 2017)
24
INhibition of
Raw milk
Gene rpoB and
Tunisiaspores by high- BSPO by PCR ( Modugnopressure process et al., 2018)
and nisin
25 Prevalence UHT milk
PCR gene
BSPO and 16S South (Frederick T.
rRNA gene Africa Tabit, 2018)
sequencing
26
Induction of
UHT milk Germany
pitting corrosion Biofilm and
on stainless Scanning (Gupta &
steel (grades 304 Electron Anand, 2018)
and 316) by Microscopy
biofilms
27
Comparision of
UHT milk Germany
adhesion Biofilm and
characteristics Scanning (Jindal &
of spores Electron Anand, 2018)
on stainless Microscopy
steel
28 Genome UHT milk Illumina MiSeq South Africa, (Owusudar-sequences system Brazil ko et al., 2019)
* Country - origin of isolates
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Table A.2: Characteristics of other spore-forming bacilli that spoil UHT chain
Specie Oxigen Cells(µm) T(◦C) pH NaCl(%) Motile Spores Functions ReferencesDiameter Lenght
B. badius Aerobic 0.8-1.2 2.5-5.0
15-50
7 7 Positive
Paracentrally
Spoilage Blake & Weimer(1997); Logan et al.(2015)30* Subterminally
Terminally
B. coagulans
Facultative
0.6-1.0
30-61 4-11
5 Positive
Paracentrally Spoilage
Logan et al.(2015)anaerobic 40*-57* 7* Subterminally Probiotic
Terminally (for chickens and piglets)
B. licheniformis
Facultative
0.6-0.8 1.5-3.0 15-55 5.7-6.8 7 Positive
Centrally Pathogen Man
Blake & Weimer(1997); Logan et al.(2015)anaerobic Paracentrally Phatogen AnimalsSubterminally Food poisoning
Foodborne illness
B. pumilus Aerobic 0.6-0.70 2.0-3.0 5-50 4.5-9.5 10 Positive
Centrally
Foodborne illness Blake & Weimer(1997); Logan et al.(2015)Paracentrally
Subterminally
B. subtilis Aerobic 0.7-0.8 2.0-3.0
5-50
5.5-8.5 7-10 Positive
Centrally
Foodborne illness Blake & Weimer(1997); Logan et al.(2015)20*-28* Paracentrally
Subterminally
B. sphaericus Aerobic 1.0 1.5-5.0 10-45 6.0-9.5 7 Positive
Centrally
Biological Control Logan et al.(2015)Paracentrally
Subterminally
Brevibacillus Strictly 0.7-0.9 3.0-5.0 21-50 7* 5 Positive Subterminally - Logan et al.(2015)brevis aerobic
P. lactis Aerobic 0.6-0.9 3.0-6.0
30-55 5-11
- Positive
Centrally
- Priest(2015)30*-40* 7* Paracentrally
Subterminally
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Appendix - Chapter 2
Table B.1: Sample distribution by type of milk, brand, and coding. The analyses are represented
by: Presence/absence (PA); total aerobic plate count (APC) and aerobic mesophilic spores (MS, showed
with *); B. cereus s.l. count (BC) include vegetative cells and spores (showed with *); high-temperature
resistant spores (HRS); and aerobic thermophilic bacillus spores (TS).
UHT Milk Bacterial population
Brand Sample Code Type PA in 10 mL APC+MS BC HRS TS
A
A1 Skimmed Absence 3.9 < 1.0 < 1.0 2.8
A2 Skimmed Absence 1.9 * 4.5 * < 1.0 < 0.7
A3 Whole Absence < 1.0 4.5 * < 1.0 < 0.7
A4 Whole Absence < 1.0 5.3 * < 1.0 < 0.7
B
B1 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
B2 Skimmed Absence 1.0 * < 1.0 < 1.0 < 0.7
B3 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
B4 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
C
C1 Skimmed Absence < 1.0 2.7 < 1.0 < 0.7
C2 Whole Absence 2.0 < 1.0 < 1.0 < 0.7
C3 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
C4 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
D
D1 Skimmed Presence < 1.0 < 1.0 < 1.0 < 0.7
D2 Skimmed Absence < 1.0 < 1.0 1.7 < 0.7
D3 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
D4 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
E
E1 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
E2 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
E3 Whole Absence < 1.0 1.7 * < 1.0 < 0.7
E4 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
F F1 Whole Absence 2.4 * < 1.0 < 1.0 < 0.7F2 Whole Absence 1.0 * < 1.0 < 1.0 < 0.7
G
G1 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
G2 Skimmed Presence < 1.0 3.9 * < 1.2 < 0.7
G3 Whole Presence < 1.0 < 1.0 1.4 < 0.7
G4 Whole Presence < 1.0 < 1.0 1.0 < 0.7
G5 Whole Absence < 1.0 < 1.0 1.4 < 0.7
G6 Skimmed Presence < 1.0 < 1.0 < 1.0 < 0.7
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Brand Sample Code Type PA in 10 mL APC+MS BC HRS TS
H
H1 Whole Presence 4.5 < 1.0 < 1.0 2.8
H2 Whole Presence 4.5 < 1.0 < 1.0 < 3.4
H3 Skimmed Presence 3.9 < 1.0 < 1.0 < 2.8
H4 Skimmed Presence 4.4 3.5 * < 1.0 1.0
I
I1 Whole Presence 4.5 < 1.0 < 1.0 < 0.7
I2 Whole Presence 3.9 < 1.0 < 1.0 < 0.7
I3 Skimmed Absence 4.5 < 1.0 < 1.0 < 0.7
I4 Skimmed Absence 4.5 < 1.0 < 1.0 < 0.7
J
J1 Whole Absence 4.5 < 1.7 * 2.2 < 0.7
J2 Whole Absence 4.5 2.0 * 2.4 < 0.7
J3 Skimmed Absence < 1.0 1.7 * < 2.3 < 0.7
J4 Skimmed Presence < 1.0 1.7 * 2.5 1.9
K
K1 Whole Absence < 1.0 < 2.0 * 2.7 < 0.7
K2 Whole Absence < 1.0 2.0 * 2.3 < 0.7
K3 Skimmed Absence < 1.0 4.2 * < 3.2 < 0.7
K4 Skimmed Presence < 1.0 < 1.0 < 1.0 < 0.7
L
L1 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
L2 Skimmed Presence 1.0 * 2.0 2.2 < 0.7
L3 Whole Absence < 1.0 2.0 1.9 < 0.7
L4 Skimmed Absence < 1.0 < 1.0 2.7 < 0.7
M
M1 Whole Absence < 1.0 < 1.0 1.9 < 0.7
M2 Skimmed Absence < 1.0 < 1.0 2.2 < 0.7
M3 Whole Absence < 1.0 < 1.0 2.2 < 0.7
M4 Skimmed Absence < 1.0 < 1.0 2.6 < 0.7
N
N1 Skimmed Absence < 1.0 2.2 1.9 < 0.7
N2 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
N3 Whole Presence 1.7 2.0 < 1.0 < 0.7
O
O1 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
O2 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
O3 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
O4 Whole Presence 2.3 < 1.0 < 1.0 1.9
P
P1 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
P2 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
P3 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
P4 Skimmed Presence 3.3 2.3 < 1.0 < 0.7
Q Q1 Skimmed Absence < 1.0 < 1.0 3.1 < 0.7Q2 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
R
R1 Whole Absence 4.4 * 2.0 * < 1.0 < 0.7
R2 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
R3 Whole Presence < 1.0 < 1.0 < 1.0 < 0.7
R4 Skimmed Absence 3.0 < 1.0 < 1.0 < 0.7
S
S1 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
S2 Whole Absence 1.0 * < 1.0 1.0 < 0.7
S3 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
T T1 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
U
U1 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
U2 Skimmed Presence < 1.0 1.0 < 1.0 < 0.7
U3 Whole Absence < 1.0 2.0 3.4 < 0.7
U4 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
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Brand Sample Code Type PA in 10 mL APC+MS BC HRS TS
V V1 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
X
X1 Skimmed Presence < 1.0 < 1.0 < 1.0 < 0.7
X2 Skimmed Presence < 1.0 1.0 1.2 < 0.7
X3 Whole Presence 2.0 < 1.0 1.0 < 0.7
X4 Whole Presence < 1.0 < 1.0 1.8 < 0.7
W
W1 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
W2 Whole Presence 3.3 < 1.0 1.3 < 0.7
W3 Skimmed Absence < 1.0 < 1.0 < 1.0 < 0.7
W4 Skimmed Absence 3.3 < 1.0 1.3 < 0.7
Y
Y1 Skimmed Absence < 1.0 < 1.0 1.2 < 0.7
Y2 Skimmed Absence < 1.0 < 1.0 1.6 < 0.7
Y3 Whole Absence < 1.0 < 1.0 2.4 < 0.7
Y4 Whole Absence < 1.0 < 1.0 1.3 < 0.7
Z
Z1 Skimmed Absence < 1.0 < 1.0 1.0 < 0.7
Z2 Skimmed Absence 2.7 * < 1.0 < 1.0 < 0.7
Z3 Whole Presence < 1.0 < 1.0 1.0 < 0.7
Z4 Whole Absence < 1.0 < 1.0 1.4 < 0.7
AA AA1 Whole Absence < 1.0 2.3 1.0 < 0.7AA2 Whole Absence 1.7 < 1.0 < 1.0 < 0.7
AB
AB1 Whole Absence 1.7 < 1.0 < 1.0 1.0
AB2 Whole Absence < 1.0 < 1.0 < 1.0 < 0.7
AB3 Skimmed Absence < 1.0 < 1.0 < 1.0 1.0
AB4 Skimmed Absence < 1.0 < 1.0 1.4 < 1.0
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Appendix - Chapter 3
Table C.1: Comparison of the mean, median, maximum and minimum values of biofilm in the 1st day.
Day 1
Exp.1 Exp.2 Exp.3 Exp.4
Mean(µm2) 2491 ± 0.5 2855.7 ± 0.5 13219.1 ± 0.5 73211.4 ± 0.5
Median(µm2) 1169.9 ± 0.5 2838.7 ± 0.5 15381.1 ± 0.5 83399.7 ± 0.5
Maximum(µm2) 16567.1 ± 0.5 16498.3 ± 0.5 83399.7 ± 0.5 210626 ± 0.5
Minimum(µm2) 149.9 ± 0.5 205 ± 0.5 340.8 ± 0.5 678.8 ± 0.5
*Exp. 1: BHI-B12 (Control Group); Exp. 2: BHI-B12-W; Exp. 3: BHI-B12-C and Exp. 4: BHI-B12-W/C. Values and
respective experimental uncertainty
Table C.2: Comparison of the mean, median, maximum and minimum values of biofilm in the 5th day.
Day 5
Exp.1 Exp.2 Exp.3 Exp.4
Mean(µm2) 55146.6 ± 0.5 27290.4 ± 0.5 6141 ± 0.5 43051.8 ± 0.5
Median(µm2) 30605.9 ± 0.5 1512.9 ± 0.5 3092.1 ± 0.5 23855.7 ± 0.5
Maximum(µm2) 182712.7 ± 0.5 187086 ± 0.5 33941.5 ± 0.5 108602.2 ± 0.5
Minimum(µm2) 6023.2 ± 0.5 81.2 ± 0.5 357.1 ± 0.5 1431 ± 0.5
*Exp. 1: BHI-B12 (Control Group); Exp. 2: BHI-B12-W; Exp. 3: BHI-B12-C and Exp. 4: BHI-B12-W/C. Values and
respective experimental uncertainty
Table C.3: Comparison of the mean, median, maximum and minimum values of biofilm in different
experiments in the Day 10.
Day 10
Exp.1 Exp.2 Exp.3 Exp.4
Mean(µm2) 119824.7 ± 0.5 876.4 ± 0.5 2574.5 ± 0.5 2156.9 ± 0.5
Median(µm2) 114712.7 ± 0.5 89.6 ± 0.5 1056.8 ± 0.5 2056.6 ± 0.5
Maximum(µm2) 245842.3 ± 0.5 25031.9 ± 0.5 20790.3 ± 0.5 2883.2 ± 0.5
Minimum(µm2) 7315.2 ± 0.5 20.9 ± 0.5 351.7 ± 0.5 1530.9 ± 0.5
*Exp. 1: BHI-B12 (Control Group); Exp. 2: BHI-B12-W; Exp. 3: BHI-B12-C and Exp. 4: BHI-B12-W/C. Values and
respective experimental uncertainty
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a b
Figure C.1: Diameter(a) and Length (b) of cells B. sporothermodurans in biofilms in the 10th day. *
indicating differences (p < 0.05).
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Figure C.2: Others peculiarities in the 10th day Exp. 1: BHI-B12 (Control Group); Exp. 2: BHI-B12-
W; Exp. 3: BHI-B12-C and Exp. 4: BHI-B12-W/C.
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Figure C.3: Biofilm formation in the air-liquid surface (a) Exp. 1: BHI-B12 (Control Group); (b) Exp.
2: BHI-B12-W; (c)Exp. 3: BHI-B12-C and (d) Exp. 4: BHI-B12-W/C.
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Figure C.4: Disinfectant efficacy against B. sporothermodurans biofilms. (a) Each point is an LD, being
1, 2, 3 and 4 treated surfaces and Control 1 , Control 2, Control 3 and Control 4 the untreated surfaces.
(b - i) Photomicrographia SEM of desagregation the surface treated with enzymatic product and sanitizer
; (b-c) Biojet + Enzyjet plus (iTram); 2 (d-e) Enzycip (iTram); 3 (f-g) Vortex (Ecolab); 4 (h-i) Vortex
ES (Ecolab).
Figure C.5: XPS analysis of enzymatic treatment and disinfectant
